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Abstract 


Three  Rydberg  series  of  electronic  states  of  have  been 

characterized  by  pulsed  optical-optical  double  resonance  spectroscopy. 

The  observed  Rydberg  states  have  been  identified  as  3-lOsa^Z^, 

3-10da^£+,  and  3-15dTT^II  .  The  molecular  constants  for  several  of 
S  g 

the  upper  members  of  each  of  the  above  series  have  been  used  to 

deduce  the  ionization  potential  of  ^Li^  and  molecular  constants  for 
2  +  7  + 

the  X  £  state  of  Li„.  The  former  was  determined  to  be  T  (®)« 
g  Z  o 

41496±4  cm  The  latter  were  found  to  be  in  good  agreement  with 
recent  ab  initio  calculations . 

Low-order  Dunham  coefficients  that  describe  at  least  the  range 

v=0-2  are  reported  for  twenty-eight  previously  uncharacterized 

gerade  states  of  ^Lij.  All  but  one  of  these  states  were  determined 

to  be  correlated  with  a  Li(2s)+Li(ns)  or  Li(2s)+Li(nd)  atomic 

configuration.  Improved  results  for  the  previously  examined 

E^£*  (or  3sa^£+)  state  are  also  presented.  Special  attention  is 
&  8 

given  to  the  E^£+  state  because:  1)  a  disproportionately  large 

g 

data  base  (v**0-12)  was  obtained:  2)  a  singular  experimental  arrange¬ 
ment  was  used;  3)  accurate  ab  initio  calculations  are  available; 
and  4)  a  double  minimum  may  exist  in  the  potential  as  a  result  of 
a  strong  interaction  with  the  ^ijC+j-)  ion  pair  potential. 

RKR  potentials  were  derived  from  the  above  Dunham  coefficients 
for  all  states  that  appeared  to  be  unperturbed  Franck-Condon  factors 


were  then  calculated  for  transitions  from  the  intermediate  A  £  state 

u 


to  each  of  the  excited  gerade  states. 
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A  large  number  of  both  homogeneous  and  heterogeneous  perturbations 

were  observed.  These  included  intensity  anomalies  in  nsa^Z+-^A^Z+ 

g  u 

transitions  resulting  from  AA=±1  interactions.  Deperturbations 

of  the  mutually  perturbing  9d7T^II  and  lOdir^II  states  were  performed, 
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yielding  results  that  are  described  accurately  by  a  model  previously 
used  for 

Two  significant  revisions  were  made  in  experimental  procedures 
reported  earlier.  First,  a  versatile  new  laser  dye  mixture  was 
discovered  and  successfully  utilized  in  the  investigation  of  the 
Rydberg  states  of  Second,  a  computer-based  data  collection 

system  was  used  in  place  of  chart  reading  as  the  means  of  obtaining 
spectral  line  frequencies  from  raw  d.c.  voltage  data. 
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I .  INTRODUCTION 


The  lithium  molecule  is  of  considerable  interest  to  both 
experimentalists  and  theoreticians  since  it  is  the  simplest 
stable  homonuclear  diatomic  molecule  after  Hj.  However,  during 
the  first  fifty  years  of  experimental  investigations  of  ^Li^ 
(1928-1978),  only  five  electronic  states  were  examined  (1).  This 
slow  rate  of  progress  was  due  to  the  inherent  complexity  of 
spectra  that  are  obtained  by  single-photon  excitation  methods. 

Such  spectra  are  particularly  complex  for  ^Li^  because  of  the 
combined  effects  of  the  weak  Li-Li  bond  and  the  elevated  temperature 
at  which  this  molecule  must  be  studied. 

A  new  era  in  the  study  of  began  in  1979  with  the  first 

application  of  pulsed  optical-optical  double  resonance  (OODR) 
spectroscopy  to  this  molecule  (2) .  The  double  resonance  process 
consists  of  the  sequential  absorption  of  two  photons  by  a  molecule 
(or  atom)  via  a  real  intermediate  state.  The  first  and  second 
steps  of  this  process  are  called  "pump"  and  "probe"  excitations, 
respectively.  A  double  resonance  spectrum  is  produced  by 
continuously  varying  the  frequency  of  the  probe  light  while 
monitoring  the  radiation  emitted  by  molecules  that  have  undergone 
two-step  excitations.  The  term  "OODR"  is  reserved  for  double 
resonance  processes  in  which  the  pump  and  probe  photons  are  in  the 
visible  or  ultraviolet  frequency  ranges.  The  OODR  method,  which  is 
described  in  detail  in  chapter  II,  results  in  electronic  spectra 
that  are  simple  and  vastly  easier  to  assign  than  spectra  obtained  by 


2 


conventional  single-photon  or  nonresonant  two-photon  (3)  spectroscopy. 
OODR  excitations  can  be  detected  either  by  monitoring  decreases 
in  fluorescence  from  the  intermediate  state  or  by  using  an  ultraviolet 
bandpass  filter  to  observe  emission  from  levels  at  which  the 
double  excitation  terminates. 

Although  the  OODR  technique  was  first  applied  in  1963  (4) ,  it 

did  not  become  a  versatile  spectroscopic  tool  until  after  commercial 

tunable  dye  lasers  became  available.  The  first  experiment  in  which 

two  such  lasers  were  applied  to  the  investigation  of  a  diatomic 

molecule  was  performed  by  Gottscho  et  al.  in  1978  (5).  A  further 

improvement  in  this  technique  has  been  made  at  The  Pennsylvania 

State  University  by  using  a  pulsed  laser  system  in  which  a  time 

delay  (6,7)  controls  the  amount  of  rotational  relaxation  that 

takes  place  in  the  intermediate  state  of  OODR  excitations  before 

the  second  step  of  the  OODR  process  occurs. 

The  pulsed  OODR  investigation  of  ^as  8one  through  two 

distinct  phases  thus  far.  The  first  consisted  of  a  study  of  the 

E^E*,  fV*",  and  G^Tl  states  (2,6-11);  the  second  consisted  of  a 
8  8  8 

systematic  investigation  of  several  Rydberg  series  (12,13).  This 
thesis  covers  the  latter  part  of  the  first  phase  (namely,  the 

study  of  the  E  Z+  state)  and  all  of  the  second  ohase.  The  theses 

§  ^ 
of  Kellv  (6)  and  Viers  (7)  describe  the  work  done  on  the  F  I+  and 

8 

G^II  states  and  provide  detailed  information  regarding  the 
g 

experimental  technique  and  equipment.  A  review  of  the  experimental 

*7 

and  theoretical  work  that  was  conducted  on  ‘Li,,  prior  to  1978  has 

*m 

been  presented  by  Hessei  and  Vidal  (14). 
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The  intent  of  the  first  phase  of  the  OODR  work  was  to  demonstrate 
the  usefulness  of  pulsed  OODR  and  to  obtain  accurate  potential 
energy  curves  of  excited  gerade  states  of  for  comparison  with 

theoretical  calculations.  The  intent  of  the  second  phase  was  to: 

1)  perform  the  first  systematic  study  of  Rydberg  states  of 

2)  obtain  an  accurate  ionization  potential  for  and  3)  derive 

the  first  experimental  spectroscopic  constants  for  the  ground 

*  7_  .+ 
state  of  Li^* 

The  first  successful  analysis  of  a  Rydberg  series  was  performed 
on  the  hydrogen  atom  by  Balmer  in  1885  (.15).  This  event  was  of  great 
historical  significance  since  it  was  one  of  the  first  steps  leading 
to  the  development  of  quantum  mechanics .  Balmer  discovered  that 
the  wavelengths  of  four  lines  in  the  visible  spectrum  of  the  hydrogen 
atom  can  be  accurately  represented  by  the  empirical  formula: 

X*bm^/ (m^-n^)  (1) 

where  m  and  n  are  integers  and  b  is  a  constant.  Years  later,  Bohr 
recognized  that  the  dependence  of  the  hydrogen  atom  wavelengths  on 
integers  is  evidence  that  some  type  of  quantum  phenomenon  is 
involved.  Using  the  quantum  concepts  of  Planck  and  Einstein,  Bohr 
developed  a  quantum  theory  of  atomic  structure  from  which  Balmer’ s 
formula  can  be  derived. 

Balmer' s  formula  was  modified  by  Rydberg  in  1889  to  account 
for  the  wavelengths  of  spectral  lines  of  all  types  of  atoms.  In 
modern  notation,  the  Rydberg  formula  is: 
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E(n,«=E(»,5,)-R(n-6(n,2))"2  (2) 

where  E(n,2)  is  the  energy  of  an  atomic  level  having  principal 
quantum  number  n,  and  azimuthal  quantum  number  i;  E (°°,2)  is 
the  atomic  ionization  potential;  6(n,2)  is  the  quantum  defect; 
and  R  is  the  Rydberg  constant  (109737  cm  ^  for  a  nucleus  of 
infinite  mass). 

The  above  form  of  the  Rydberg  formula  applies  also  to 
molecules  since  the  interaction  of  a  molecular  core  with  a 
distant  Rydberg  electron  is  quasi-hydrogenic.  The  principal 
quantum  number  is  meaningful  for  a  molecule  in  a  Rydberg  state 
since  the  united  atom  model  is  applicable  in  this  case. 

Although  an  abundance  of  data  is  now  available  for  atomic 
Rydberg  series,  little  such  information  exists  for  diatomic 
molecules.  Analyses  of  diatomic  Rydberg  series  are  hampered  by 
two  major  factors:  1)  Rydberg  spectra  are  extraordinarily  complex 
when  obtained  by  conventional  absorption  or  emission  spectroscopy 
since  the  density  of  electronic  states  becomes  large  as  the 
ionization  limit  is  approached;  and  2)  perturbations  increase  both 
in  number  and  in  magnitude  as  the  total  excitation  energy  increases 
since  there  is  an  increasingly  greater  probability  that  a  given 
state  will  lie  close  in  energy  to  a  perturbing  state.  Examples 
of  diatomic  molecules  whose  Rydberg  states  have  been  studied 
extensively  include  NO,  Nj,  Hn,  He?,  Na^,  and  now  (1).  The 
Rydberg  states  of  the  first  four  of  these  molecules  have  been 
investigated  by  conventional  single-photon  methods,  while  those 
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of  the  last  two  have  been  examined  by  OODR  spectroscopy  (12,13,16-19). 
The  work  done  on  Na2  and  Li  2  has  demonstrated  the  vast  superiority 
of  OODR  over  single-photon  excitation  methods. 


II.  THE  APPLICATION  OF  THE  OODR  METHOD  TO  Li2 


The  OODR  process  is  shown  schematically  in  figure  1  for  Li,. 
The  first  step  of  the  excitation  consists  of  a  single  A^E+  (v',J') 
(v",J")  transition  excited  by  a  tunable  pulsed  dye  laser. 

O 

Further  excitations  to  a  number  of  (v*,J*)  levels  are  then  induced 

by  scanning  a  second  pulsed  dye  laser.  An  optical  delay  may  be 

introduced  into  the  path  of  the  probe  laser  to  allow  time  for 

substantial  rotational  relaxation  to  take  place  in  the  A^E+  state 

u 

before  the  probe  laser  pulse  arrives.  This  feature  enlarges  the 
amount  of  data  collected  on  a  single  scan  without  significantly 
complicating  the  task  of  assigning  quantum  numbers  to  the  spectral 
transitions. 

The  OODR  method  has  several  important  features  which  make  it  a 
valuable  tool  for  the  study  of  ^L^:  1)  OODR  spectra  are  easy  to 

assign  and  are  much  less  dense  than  spectra  resulting  from  single¬ 
photon  excitations;  2)  access  is  obtained  to  transitions  that  are 
forbidden  by  single-photon  selection  rules;  3)  single-photon 
fluorescence  can  be  easily  filtered  out  of  the  detection  system 
without  significantly  reducing  the  high-frequency  fluorescence  from 
the  high- lying  states;  and  4)  the  number  of  excited  states  that  are 


accessible  by  tunable  dye  lasers  is  greatly  increased. 

1_+  1_+ 

OODR  spectra  can  be  obtained  for  Li,  by  pumping  either  A  I^X  Z 

or  3^~  •‘*X^E+  transitions  but  only  the  former  have  been  used  in 
u  g  7 

practice.  The  assignments  of  lines  in  the  A  E+<-X  Z+  bands  can  be 

u  g 


determined  from  the  accurate  molecular  constants  of  Kusch  and 
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R(8) 


1  +  1  +  i  -*■ 

gure  1.  A  simulated  I  *A  I  -X  i'  OODR  spectrum  of  Li..  The 

S  u  g  2 

rotational  quantum  number,  J,  is  indicated  for  each 

energy  Level  shown.  The  slanted  arrows  denote  coilisional 

relaxation.  The  solid  and  broken  vertical  arrows 

represent  collision- independent  and  collision-dependent 

transitions,  respectively.  The  spectral  lines  appear 

directly  beneath  the  vertical  arrows  to  which  they 

correspond. 


Hessel  (20).  The  density  of  lines  in  these  bands  is  sufficiently 
small  that  many  nonoverlapped  lines  are  available  for  use  as  pump 
transitions . 
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The  rotational  assignments  of  00DR  lines  are  readily  deduced 

from  the  assignment  of  the  pump  transition  since  the  directly 

populated  level  of  the  A^T*  state  is  always  the  source  of  the 

strongest  transitions  in  the  00DR  spectrum.  These  assignments  can 

be  verified  independently  by  using  combination  differences  involving 

the  well-characterized  (20)  A^I+  state. 

u 

The  assignments  of  quantum  numbers  to  OODR  transitions  requires 
a  knowledge  of  spectroscopic  selection  rules.  A  summary  of  the 
selection  rules  that  are  pertinent  to  the  molecule  is  given 
below  (21): 

1.  Quantum  number  for  the  total  angular  momentum: 

AJ«0,±1 

2.  Quantum  number  for  the  projection  of  the  electronic  angular 
momentum  along  the  intemuclear  axis : 

AA=0 , ±1 

3.  Quantum  number  for  the  electron  spin: 

AS=*0 

4.  Electronic  inversion  symmetry  of  homonuclear  diatomic  molecules: 
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Figure  2.  Illustration  of  selection  rules  pertaining  to  00DR 

excitations  of  Li,.  Only  collision-independent  lines 
are  shown. 
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The  electronic  symmetries  of  the  states  at  which  OODR 
transitions  terminate  can  be  deduced  from  the  number  of  branches 
per  vibrational  band.  A  !!•*-£  transition  is  characterized  by  three 
branches  per  band  (i.e.,  P,  Q,  and  R)  while  a  transition  has 

only  two  such  branches  (i.e.,  P  and  R) .  Since  these  were  the  only 
types  of  transitions  allowed  under  the  conditions  used  in  the  work 
reported  here,  it  was  trivial  to  assign  electronic  symmetries  to 
the  observed  Rydberg  states. 

A  representative  OODR  vibrational  band,  7dTT^n  «-A^T*  (0,0),  is 
shown  in  figure  3.  All  other  observed  n>6  ndr  ^+-A^E^  bands  have 
a  similar  appearance  to  the  one  shown  here  but  become  progressively 
weaker  in  intensity  as  n  increases.  The  three  intense  P,  Q,  and  R 
transitions  that  arise  from  the  directly  populated  rovibronic  level 
of  the  intermediate  kh+  state  are  easily  recognizable  in  this 
spectrum.  A  large  number  of  rotational  relaxation  lines  are  also 
visible,  particularly  in  the  P  branch.  The  bandhead  of  the  nearby 

7do^E+*-A^Z+  (0,0)  band  can  be  seen  on  the  short-wavelength  end  of 

g  u 


this  scan. 


398.0 nm 


HI .  EXPERIMENTAL 


A.  Overview 


The  experimental  arrangement  that  was  used  for  the  systematic 
study  of  the  Rydberg  states  of  7Li ^  is  nearly  identical  to  one 
that  has  been  described  in  detail  by  Kelly  (6)  and  Veirs  (7). 
Therefore,  except  for  the  newly-instituted  computer  data  collection 
system,  only  an  abbreviated  description  of  the  experimental  apparatus 


will  be  presented  here.  Several  modifications  of  the  original 


arrangement  were  required  for  the  E  Z  state  investigation.  These 

8 

will  be  discussed  after  a  review  of  the  original  setup  is  given. 


B.  The  Nitrogen  Laser  System 


The  experimental  arrangement  that  was  used  for  the  systematic 
study  of  the  Rydberg  states  of  7Li2  is  shown  in  figure  4.  OODR 
excitations  were  produced  in  ^L^  by  overlapping  the  output  beams 
of  two  tunable  pulsed  dye  lasers  in  a  cell  containing  7Li2  vapor 
and  He  buffer  gas.  The  two  dye  lasers  were  pumped  by  the  divided 
output  beam  of  a  Molectron  UV-1000  nitrogen  laser  operating  at  10  Hz 
and  producing  700  kw  at  337.1  nm.  Both  dye  lasers  were  operated 
without  etalons  and  had  linewidths  of  0.5  cm  ^ .  The  output  power  of 
the  pump  dye  laser  was  75  uJ  per  pulse.  The  probe  dye  laser  was 
operated  with  60-300  ud  per  pulse  depending  on  the  dyes  that  were 
used. 

The  sample  cell  consisted  of  a  heat  pipe  oven  to  which  was 
added  several  grams  of  lithium  (99.99%  'Li)  and  30  torr  of  helium 


figure  4.  Block  iiagruiu  of  the  nitrogen  laser  system 
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at  room  temperature.  An  operating  temperature  of  650  °C  was  used 
for  the  study  of  Rydberg  states  up  to  n=6;  730  °C  was  used  for 
higher  states  to  compensate  for  the  decrease  in  transition  probability 
as  n  increases.  At  650  °C,  the  partial  pressures  of  the  gaseous 
species  in  the  heat  pipe  are  estimated  (22)  to  have  been  90  torr 
He,  0.002  torr  ^Lij,  and  0.2  torr  Li.  At  730  °C,  the  estimates  are 
100  torr  He,  0.02  torr  ^L^,  and  0.7  torr  Li. 

The  two  dye  laser  output  beams  were  arranged  so  that  they 
intersected  each  other  at  the  center  of  the  heat  pipe  oven  at 
nearly  a  180°  angle.  A  slight  offset  from  180°  was  needed  to 
allow  the  probe  beam  to  be  directed  into  calibration  devices 
after  emerging  from  the  heat  pipe.  The  probe  laser  pulse  was 
optically  delayed  by  about  6  nsec  with  respect  to  the  pump  pulse 
by  introducing  an  extra  2  m  length  into  the  optical  path  of  the 
probe  beam. 

Excitation  to  Rydberg  states  was  detected  by  monitoring  the 
ultraviolet  fluorescence  from  the  heat  pipe  cell  with  a  photo¬ 
multiplier  tube.  Filters  were  used  to  discriminate  against 
visible  fluorescence.  The  ultraviolet  emission  was  due,  at  least 
in  part,  to  collisional  transfer  of  energy  from  gerade  to  nearby 
ungerade  states  followed  by  single-photon  transitions  to  the 
ground  state  (10). 

The  processing  of  the  ultraviolet  signals  was  complicated  by 
the  existence  of  undesired  ultraviolet  radiation  resulting  frcm 
successive  excitations  of  ^Li,  by  two  probe  laser  photons  (23).  This 
problem  was  circumvented  by  introducing  a  mechanical  chopper  and 
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a  two-channel  gated  integrator  into  the  experimental  setup.  OODR 
signals  were  extracted  from  the  total  ultraviolet  emission  by 
chopping  the  10  Hz  pump  dye  laser  beam  at  5  Hz,  and  subtracting 
the  signal  observed  with  the  pump  laser  beam  blocked  from  the 
signal  observed  with  the  pump  beam  unblocked. 

Calibration  of  the  probe  laser  wavelength  was  achieved  bv 
directing  portions  of  the  probe  beam  into  neon  and/or  argon 
optogalvanic  lamps  (24)  and  a  Fabry-Perot  interferometer.  The 
interferometer  produced  a  ring  pattern  which  expanded  or  contracted 
depending  on  whether  the  probe  laser  was  scanning  to  smaller  or 
larger  wavelengths,  respectively.  A  photodiode  was  placed  near 
the  middle  of  the  projected  pattern  to  monitor  the  movement  of 
the  fringes  electronically.  The  interferometer  spacing  was  adjusted 
so  chat  one  fringe  traversed  the  photodiode  for  each  0.8  cm  * 
change  in  frequency.  This  arrangement  permitted  accurate  inter¬ 
polation  of  wavelengths  between  successive  neon  and  argon  calibration 
lines.  Spectral  and  calibration  data  were  recorded  on  a  four-pen 
chart  recorder  and,  in  digital  form,  on  a  cassette  tape.  The 
digital  data  were  later  transferred  from  the  cassette  tape  to  a 
minicomputer.  The  chart  recorder  was  used  solely  as  a  back-up 
storage  device.  A  detailed  description  of  the  computer  data 
collection  system  is  given  below. 

Aside  from  the  addition  of  the  data  collection  system,  the 
only  significant  revision  of  the  earlier  experimental  procedures 
was  the  introduction  of  a  new  dye  mixture  to  the  pump  laser. 

It  was  found  Chat  the  combination  of  the  dyes  LD700  and  DC-! 
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produces  at  least  three  times  as  much  power  throughout  the  range 
680-780  nm  than  can  be  obtained  with  any  previously  reported  (25) 
dye  solution  pumped  by  a  nitrogen  laser.  The  gain  curve  of  this 
mixture  can  be  peaked  at  any  wavelength  in  the  range  650-750  nm 
by  adding  varying  amounts  of  LD700  to  a  solution  containing  0.9 
mg/ml  DCM  in  80%  DMSO/20%  ethanol.  The  behavior  of  the  gain 
curve  of  this  mixture  as  a  function  of  the  dye  concentration 
ratio  is  illustrated  in  figure  5.  The  gain  curve  can  be  peaked 
at  any  point  on  the  broken  line  curve  shown  in  this  figure. 

Each  OODR  experiment  was  preceded  by  a  search  for  an  appropriate 
pump  line.  This  search  was  begun  by  running  a  calibrated  A^E^-X^E* 
spectrum  using  only  the  pump  dye  laser.  The  lines  in  this  spectrum 
were  assigned  by  using  the  molecular  constants  and  Franck-Condon 
factors  of  Kusch  and  Hessel  (20) .  A  transition  was  chosen  for  use 
as  a  pump  line  on  the  bases  of  its  spectral  intensity,  its  proximity 
to  neighboring  strong  lines,  and  its  A^I*  state  vibrational  quantum 
number.  After  a  suitable  line  was  found,  the  pump  laser  was 
tuned  to  the  frequency  of  this  line  and  left  there  while  the 
probe  laser  was  introduced  and  scanned. 

C.  The  Computer  Data  Collection  System 

The  function  of  the  data  collection  system  was  to  digitize 
analog  d.c.  voltage  data,  and  store  them  on  cassette  tape  for 
subsequent  analysis  on  a  Modcorap  11/25  minicomputer.  A  block 
diagram  of  this  system  is  given  in  figure  6.  The  interface 
between  the  laboratory  equipment  and  the  minicomputer  was  divided 
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Figure  6.  Block  diagram  of  the  digital  data  collection  system. 
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into  two  separate  sections:  one  in  the  laboratory  and  one  at  the 
site  of  the  minicomputer.  The  former  consisted  of  a  data  collection 
box  and  a  cassette  tape  deck;  the  latter  consisted  of  a  second 
cassette  tape  deck  and  a  device  called  a  "lab  box".  Original 
software  had  to  be  developed  to  direct  all  of  the  data  processing 
that  was  performed  on  the  minicomputer. 

The  data  collection  box  was  triggered  by  sampling  the  probe 
laser  pulses  with  a  photodiode.  These  "clock"  pulses  were  recorded 
along  with  the  spectral  data  via  a  separate  channel  of  the  cassette 
tape  deck.  They  were  later  used  to  control  the  input  of  data 
to  the  minicomputer  during  the  second  phase  of  the  data  collection 
process.  Each  time  a  trigger  pulse  was  received  by  the  data 
collection  box,  the  voltages  appearing  at  the  inputs  of  the  six 
available  channels  of  this  box  were  recorded.  Each  of  these  six- 
member  sets  of  voltages  was  processed  in  the  form  of  eight  eight- 
bit  words.  Two  words  were  allotted  to  each  of  the  first  two  channels 
and  one  was  allotted  to  each  of  the  other  four.  Since  words  were 
occasionally  lost  during  the  transmission  of  data  through  the 
computer  interface,  the  first  four  members  of  each  eight-word  set 
were  labeled  by  fixing  the  first  two  bits  of  each  of  these  words. 

This  scheme  enabled  the  data  to  be  identified  with  the  proper 
channels  after  they  were  read  into  the  memoir/  of  the  computer. 

A  consequence  of  this  labeling  was  that  four  of  the  sixteen  bits 
assigned  to  each  of  the  first  two  channels  were  unavailable  for  data. 
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Voltages  entering  the  data  collection  box  were  digitized  by 
Teledyne  Philbrick  twelve-bit  A/D  converters.  The  outputs  of 
these  converters  were  changed  from  parallel  to  serial  form  and 
then  routed  through  an  audio  oscillator.  A  cassette  tape  deck 
was  used  to  record  the  resulting  audio  output.  The  data  were 
processed  continuously  until  either  the  dye  laser  wavelength  scan 
was  completed  or  the  thirty-minute  capacity  of  the  cassette  tape 
was  used  up. 

The  A/D  converters  were  adjusted  so  that  twelve  bits  could 
accommodate  0-10  volts  of  input.  Thus,  the  input  voltages  ranges 
were  0-10  volts  and  0-0.625  volts  for  channels  1-2  and  3-6, 
respectively.  The  smaller  range  was  found  to  be  adequate  for  the 
optogalvanic  signals,  while  the  larger  range  was  required  for  the 
OODR  and  interferometer  signals.  In  practice  the  OODR,  inter¬ 
ferometer,  and  optogalvanic  signals  were  sent  to  channels  one, 
two,  and  three,  respectively.  Channel  1  was  later  modified  to 
accommodate  -10  to  +10  volts  of  input  in  order  to  allow  for  the 
negative  baseline  drifts  that  were  frequently  observed  in  the 
output  of  the  gated  integrator  that  was  used  to  process  the  OODR 
signals.  A  voltage  V  entering  the  modified  version  of  channel 
1  was  first  reduced  to  V/2  by  a  voltage  divider  and  then  converted 
to  5-(V/2)  by  bipolar  circuitry. 

After  the  completion  of  an  experiment,  the  data  from  the 
cassette  tapes  were  read  into  an  integer  array  in  the  memory  of 
the  minicomputer  via  a  direct  memory  processor.  The  aforementioned 
"lab  box"  interface  was  used  to  convert  the  audio  output  of  the 
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cassette  ipe  deck  to  a  form  compatible  with  the  computer.  The 
binaf'  :ones  from  each  cassette  tape  were  converted  to  binary 
vo’  ages  and  collected  in  an  eight-bit  register  in  the  interface. 

-ach  time  the  register  became  full,  the  computer  recorded  the 
contents  of  the  register  in  the  form  of  an  eight-bit  word. 

Due  to  computer  memory  limitations,  data  had  to  be  periodically 
transferred  from  the  above  array  to  nine-track  magnetic  tape  while 
other  data  were  flowing  into  the  array  from  the  cassette  tape.  This 
operation  was  accomplished  by  means  of  two  subroutines.  The  first 
subroutine  suspended  execution  of  the  software  for  sufficient  time 
to  allow  the  first  half  of  the  array  to  fill,  and  then  permitted  the 
data  in  this  half  of  the  array  to  be  transferred  to  nine-track 
magnetic  tape.  The  second  subroutine  handled  the  second  half  of  the 
array  in  basically  the  same  manner.  This  process  was  repeated  as 
many  times  as  necessary  by  reusing  the  array  for  additional  data. 

As  soon  as  the  end  of  the  cassette  tape  was  reached,  the 
computer  read  the  stored  data  from  the  nine-track  magnetic  tape  and 
attempted  to  determine  which  words,  if  any,  had  been  garbled  during 
transmission  through  the  computer  interface.  Such  data  points  could 
often  be  detected  since  they  usually  differed  markedly  from 
neighboring  data.  The  computer  replaced  the  spurious  data  with 
interpolated  values  and  then  wrote  the  corrected  data  set  from 
each  channel  into  a  separate  file  of  a  magnetic  disk.  The  rest  of  the 
data  manipulation  that  was  done  on  the  minicomputer  utilized  this 
disk  for  both  input  and  output. 


The  raw  data  had  to  be  smoothed  before  peak  positions  could  be 
read  since,  otherwise,  the  peak-reading  algorithm  would  have  been 
ineffective.  The  smoothing  was  accomplished  by  convoluting  the  raw 
data  with  a  Gaussian  function  (26).  This  procedure  consisted  of 
multiplying  each  raw  data  point,  R(t),  by  a  normalized  Gaussian, 
fft-t^),  and  then  summing  the  resulting  functions  to  obtain  smoothed 
data,  S(t).  Under  these  conditions,  the  area  under  the  smoothed  data 
is  equal  to  the  area  under  the  raw  data.  In  mathematical  terms: 

S(tQ)-  -Co  R(t)f(t-to)dt  (3) 

N 

~  R(t  )f(0)At+  I  [R(t  +iAt)+R(t  -iAt) ]f (iAt)At 
'  i=l 

where  At  is  the  data  repetition  period,  and  N  is  some  finite  integer 

value  at  which  the  above  summation  is  truncated.  The  time  constant, 

2 

T,  of  the  Gaussian  is  related  to  the  variance,  -  ,  through  the 
equation: 

T-  2 z2  (4) 

The  above  method  is  equivalent  to  the  function  performed  by  a 
time  constant  in  an  electrical  circuit  except  that  the  latter 
corresponds  to  multiplying  the  input  by  a  half-Gaussian.  Although 
more  elegant  methods  exist  for  smoothing  data  (27) ,  the  convolution 
procedure  proved  to  be  adequate  for  the  pulsed  OODR  system. 

In  practice,  the  input  data  for  the  smoothing  program  had  to 


be  processed  in  piecemeal  fashion  because  of  computer  memory 
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limitations.  The  smoothed  data  were  stored  on  a  magnetic  disk  and 
used  subsequently  as  input  for  a  peak-reading  routine. 

The  peak-reading  program  located  peak  positions  in  terms  of 
laser  pulse  numbers.  Later,  it  converted  the  pulse  numbers  of  the 
OODR  and  optogalvanic  peaks  to  interferometer  fringe  numbers. 

Again,  the  input  data  had  to  be  processed  in  portions  because  of 
computer  memory  limitations.  The  software  directed  the  mini¬ 
computer  to  keep  a  running  count  of  the  number  of  consecutive 
increases  in  voltage  that  it  encountered  while  reading  the  data, 
and  to  reset  the  counter  to  zero  each  time  a  decrease  in  voltage 
was  detected.  Whenever  this  counter  exceeded  a  specified  critical 
value,  a  peak-reading  algorithm  was  implemented.  This  procedure 
enabled  spectral  peaks  to  be  distinguished  from  random  noise. 

The  critical  value  of  the  counter  was  determined  by  the  line 
width  of  the  spectral  peaks  and  the  scan  rate.  The  computer 
obtained  a  value  for  a  peak  location  by  averaging  the  pulse 
numbers  of  the  points  on  each  side  of  the  peak  which  were  at  a 
specified  fraction  of  the  maximum  intensity  of  that  peak. 

After  the  peak-reading  process  had  been  completed,  the  computer 
data  processing  was  suspended  until  wavelengths  had  been  assigned  to 
all  of  the  optogalvanic  calibration  lines,  and  a  leastsquares  fit  of 
frequency  vs.  interferometer  fringe  number  was  performed  on  a 
calculator.  This  fit  was  used  to  generate  OODR  transition 
frequencies  from  the  fringe  numbers  of  the  spectral  lines.  These 
frequencies  were  then  stored  permanently  on  a  magnetic  disk. 
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The  last  operation  that  was  performed  on  the  minicomputer 
consisted  of  recording  the  following  information  for  each  assigned 
OODR  transition  on  nine-track  magnetic  tape:  1)  the  frequency;  and 
2)  the  rotational  and  vibrational  quantum  numbers  of  both  the  upper 
and  lower  electronic  states.  This  tape  served  as  a  means  of 
transferring  spectral  data  to  an  IBM  370  computer.  All  subsequent 
data  processing  was  performed  as  described  previously  (6,7). 

A  check  of  the  reliability  of  the  digital  data  collection  and 
processing  procedures  described  above  was  made  by  applying  a 
digital  analysis  and  a  strip  chart  analysis  to  the  same  sample 
spectrum.  The  two  methods  were  found  to  yield  essentially  the 
same  spectral  frequencies  for  identical  spectral  lines.  The 
precision  of  the  frequency  measurements  obtained  by  the  newer 
method  (0.2  cm  is  about  the  same  as  that  reported  (9)  for  the  older. 

D.  Modifications  of  the  Experimental  Arrangement  Made  for  the 
E^E*  State  Investigation 

O 

The  E^E+  state  investigation  reported  in  this  work  was  preceded 

O 

by  a  limited  earlier  study  of  this  state  (10).  The  earlier  work, 
which  was  done  using  the  nitrogen  laser  system  described  above,  was 
inhibited  by  a  lack  of  suitable  infrared  laser  dyes.  In  order  to 
circumvent  this  problem,  several  significant  changes  had  to  be  made 
in  the  experimental  arrangement.  A  block  diagram  of  the  revised 
system  is  given  in  figure  7.  Acer  ~>  to  the  near  infrared  region 
was  gained  by  sending  the  output  of  a  dye  laser  through  a  pressurized 
(20  atm)  Raman-shifting  hydrogen  cell  (28).  In  this  setup,  the 


Figure  7.  Block  diagram  of  the  Kaman-slii fling  OODR  apparatus . 
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nitrogen  laser  was  replaced  by  a  Quanta-Rav  Nd:YAG  laser  in  order  to 

attain  a  dye  laser  power  level  sufficient  to  produce  stimulated 

Raman  emission  in  Since  the  latter  was  not  then  available  at 

The  Pennsylvania  State  University,  the  facilities  of  the  Regional 

Laser  Laboratory  at  the  University  of  Pennsylvania  were  used. 

The  frequency-doubled  10  Hz  output  of  the  Nd:YAG  laser  was  170  mJ 

per  pulse  at  532  nm,  or  about  25-fold  larger  than  the  maximum 

power  output  of  a  nitrogen  laser.  The  output  of  the  Nd:YAG  laser 

was  divided  by  a  beamsplitter  so  that  90%  of  the  power  was  directed 

to  the  probe  dye  laser  and  10%  to  the  pump  dye  laser. 

Stimulated  Raman  emission  occurred  in  the  hydrogen  cell  at  a 

threshold  input  power  of  about  50  mJ  per  pulse.  Despite  the  high 

output  power  available  from  the  Nd:YAG  laser,  only  a  few  dyes  are 

able  to  achieve  this  level  in  the  setup  that  was  used.  Fortunately, 

Rhodamine  6G  (Raman-shifted  range  715-749  nm)  and  Rhodamine  3 

(Raman-shifted  range  747-773  nm)  permitted  full  coverage  of  the 

wavelength  range  that  was  required  for  investigating  the  E^S+  state. 

8 

Vibrational  Raman  emission  is  produced  by  at  multiples  of 

4155.20  cm  ^  from  the  frequency  of  the  exciting  radiation  as  a 

result  of  the  (1,0)  Q(l)  transition  in  the  ground  electronic  state 

(2°) .  Under  the  experimental  conditions  of  the  00DR  study  described 

here,  lasing  was  observed  at  two  Stokes  and  two  anti-Stokes 

frequencies.  Stimulated  rotational  Raman  emission  at  the  frequency 

of  the  X  l  (0,0)  S(l)  transition  of  H,,  was  also  seen,  but  was 
6 

much  weaker  than  the  vibrational  emission. 
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The  first  vibrational  Stokes  frequency  was  used  as  the  probe 
beam.  Filters  and  dielectric  mirrors  were  used  to  discriminate 
against  all  other  radiation  emanating  from  the  Raman  cell.  The 
power  available  at  the  Raman-shifted  probe  frequency  ranged  up  to 
0.5  mJ  per  pulse.  The  linewidth  of  the  Raman-shifted  radiation 
was  0.2  cm  ^ . 

The  probe  dye  laser  consisted  of  an  oscillator-amplifier 
combination,  constructed  according  to  the  design  of  Littman  (30). 

The  basic  difference  between  the  Littman  design  and  its  predecessor, 
the  Hansch  design  (31),  is  that  the  former  utilizes  a  grazing- 
incidence  diffraction  grating  as  a  tuning  element  rather  than  a 
conventional  diffraction  grating.  The  newer  design  was  devised  to 
eliminate  the  need  for  an  intracavity  beam-expanding  prism  or 
telescope,  and  thereby  simplify  the  procedure  of  laser  alignment. 

The  pump  dye  laser  was  an  oscillator-amplifier  system  containing 
an  intracavity  beam  expander.  This  laser  produced  an  output  power 
of  0.5-1. 2  mJ  per  pulse  and  a  linewidth  of  0.5  cm  ^  when  pumped 
with  10%  (or  17  mJ  per  pulse)  of  the  frequency-doubled  output  of  the 
Nd:YAG  laser. 

Calibration  was  achieved  dv  sampling  the  unshifted  probe  beam 
with  neon  and  argon  optogalvanic  cells  as  well  as  a  Fabry-Perot 
interferometer.  The  neon  and  argon  calibration  frequencies  were 
later  converted  to  Raman-shifted  values  using  the  known  frequency 
(29)  of  the  X-I*  d»0)  Qd)  transition  of  H0  at  20  atm. 
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IV.  ANALYSIS  AND  RESULTS 

A.  Time  Constant  Offset 

The  measured  positions  of  the  OODR  lines  had  to  be  corrected 
for  a  small  time  constant  offset  that  resulted  from  a  difference 
between  the  electronic  time  constant  used  for  the  OODR  signal 
(1.0  sec)  and  that  used  for  the  optogalvanic  calibration  spectrum 
(about  0.1  sec).  An  estimation  of  the  magnitude  of  this  offset 
can  be  obtained  by  convoluting  a  lineshape  function  with  a  smoothing 
function  that  is  truncated  so  that  only  the  section  on  one  side 
of  the  symmetry  axis  is  used.  If  both  the  lineshape  function  and 
the  smoothing  function  are  assumed  to  be  Gaussians,  then  the 
electronically-smoothed  lineshape  is  given  by: 

N  -(7-t  +iAt)2  -(iAt)2 

S(t  )-At/7r  [  I  e  °  e  ]  (5) 

0  i=  0 

where  the  time  constants  of  both  Gaussians  have  been  taken  to  be 
1.0  sec,  and  t  is  the  location  of  the  maximum  of  the  spectral  line. 

An  evaluation  of  the  above  formula  on  a  computer  reveals  that 
an  electronic  time  constant  of  1.0  sec  delays  the  arrival  of 
a  spectral  peak  by  about  0.5  sec.  This  result  has  been  confirmed 
by  convoluting  experimental  spectral  data  with  a  half-Gaussian, 
and  by  measuring  the  apparent  change  in  the  frequency  of  selected 
OODR  lines  when  the  direction  of  the  frequency  scan  was  reversed. 

In  practice,  the  spectral  frequency  corrections  that  were 
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needed  to  compensate  for  electronic  time  constants  ranged  from 
0.05  to  0.09  cm  ^ . 


B.  E  H  State  Analysis  and  Discussion 
g 


Data  for  the  E  Z  state  were  obtained  by  excitation  of  selected 
g 

A  Z  +  X  Z  transitions  followed  bv  further  excitations  into  the 
u  g 

E  Z  state.  A  listing  of  all  pump  lines  (32)  that  were  used  in  the 

O 

E^Z*  state  investigation  is  given  in  table  1.  The  vibrational 

O 

numbering  of  the  E^Z+  state  was  tentatively  assigned  by  assuming 

g 

that  the  lowest  observed  vibrational  level  of  this  state  is 
v*=0.  This  numbering  was  later  confirmed  by  comparing  observed 
band  intensities  with  calculated  Franck-Condon  factors.  The 
vibrational  quantum  numbers  of  all  observed  bands  are  shown  in 
figure  8. 

The  data  consist  of  681  assigned  transitions  from  the  A^Z+ 

u 

state  to  vibrational  levels  in  the  range  v*=0-12  of  the  E^Z+  state. 

s 

Transitions  to  what  may  be  v*=»13  were  observed  but  could  not  be 
assigned.  The  assigned  data  were  fit  by  a  linear  leastsquares 
method  with  the  conventional  Dunham  expansion  (33) : 


v(v,J)=  Z  Ynk(v+l/2)n[J(J+l)-A2]k 
n,k 


where  the  symbols  Y  ,  v,  J,  and  A  have  their  usual  meanings. 

The  measured  wavelengths  were  converted  to  energies  referred  to 

^  ^  | 

the  bottom  of  the  X  Z  state  using  the  A  Z  state  constants  of 

g  u 
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Table  1. 


Pump  lines  (A^^-X1!*)  and  probe  laser  scanning  ranges 

used  for  the  E1!*  state  investigation, 
g 


S 

* 


Pump  Line 

O 

X  (A)  Pump 

a 

Pump  Freq 
(cm*1) 

0 

Probe  X  (A) 
Range 

(0,0) 

R  ( 17) 

7  151 

13985.  122 

7259-7640 

(0,0) 

?(12) 

7152 

1398  1.632 

7350-7390 

(1,0) 

P(11) 

7  023 

14238.503 

7250-7660 

(1,0) 

P(15) 

7035 

14215. 336 

7590-7660 

(2,0) 

P  (37) 

7026 

14232. 24C 

7230-77CC 

(7,0) 

R  (21) 

6392 

15644.  152 

7160-7730 

(9,  1) 

P  ( 23) 

6235 

16C37. 97 

7160-7730 

(9,1) 

8  ( 27) 

6235 

16C37.99 

7160-7730 
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Kusch  and  Hessel  (20).  A  set  of  Dunham  coefficients  which  describe 

the  data  is  given  in  table  2.  The  E^Z4-  state  energy  levels  that 

S 

were  used  in  this  fit  are  shown  in  figure  9.  The  standard  deviation 
of  the  fit  (0.14  cm”'*')  is  consistent  with  the  estimated  accuracy 
of  the  measurements  (0.2  cm  ^) .  The  observed  value  of  differs 
by  only  0.5%  from  the  value  calculated  from  the  relation: 

T02~4T01/4  (7) 

which  holds  for  most  diatomic  molecules  (21). 

The  constants  listed  in  table  2  were  used  to  calculate  a 
Rydberg-Klein-Rees  (RKR)  potential  (34)  using  a  computer  program 
originally  developed  by  Zare  (35) .  The  results  are  summarized  in 
table  3  along  with  the  values  of : 


that  were  used  to  generate  the  potential. 

The  above  RKR  potential  was  used  in  conjunction  with  the 

previously  published  A^Z^  state  RKR  potential  (20)  to  calculate 

Franck-Condon  factors  (35)  for  transitions  between  the  A^Z^  and 

E^Z+  states.  The  results  for  rotationless  transitions  are  shown 
g 

in  table  4,  The  comparison  of  observed  band  intensities  with 
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Table  2.  The  Dunham  coefficients  that  describe  the  E^I+ 
state  from  v»0-12.  ® 

The  quantities  in  parentheses  are  the  exponents  of 
10  in  the  multiplying  factor.  All  values  are  in  cm 
units. 


n,k 

Ynk 

Standard  Error 

* 

*  e 

2.7-4  1021  4 

(♦4) 

5.7 

(-2) 

1,0 

2.4587675 

1*2) 

1.3 

(-1) 

2,0 

-2.8266759 

(C) 

9 .  C 

(-2) 

3,0 

-8.6365250 

(-1) 

2.  5 

(-21 

4,0 

1.  1  338288 

(-1) 

2.6 

(-3) 

5,0 

-5.4240404 

(-3) 

2.5 

(-4) 

6,0 

7. 3236843 

(-5) 

6.5 

(-6) 

0,1 

5.0468826 

(-1) 

1.5 

(-4) 

1,1 

-9.6442847 

(-3) 

3.C 

(-4) 

2,1 

-3.5269C89 

(-4) 

1.7 

(-41 

3,  1 

-1.2639093 

(-4) 

3.  2 

(-5) 

4,1 

2.6  168385 

(-5) 

2.5 

(-6) 

5,1 

-1.2388547 

(-6) 

6.  8 

(-81 

0,2 

-8.4613632 

(-6) 

8.  2 

(-3) 

1,2 

2. 3363C47 

(-7) 

1.5 

(-7) 

2,2 

-5.6397248 

(-7) 

7.  8 

(-8) 

3,2 

1.  1467136 

(-7) 

1.2 

(-5) 

4,2 

-6.3522133 

(-9) 

5.  4 

(-10) 

Table  3.  RKR  data  for  the  E^I+  state  of  ^Li-  for  J=0. 

8  2 


v  r(min)  r(max) 
{Angstroms} 


G 

{cm-'*'} 


(cm 


1/2 

3.  086 

3.086 

0. 00 

0.5041 

0 

2.  903 

3.301 

122.13 

C.  4 99 9 

1 

2.787 

3.487 

360.07 

0 . 438  1 

2 

2.715 

3.636 

597.45 

0.4773 

3 

2.660 

3.  775 

803.21 

0 .4645 

4 

2.616 

3.909 

1007.60 

0.4511 

5 

2.580 

4.C40 

12C  1.62 

0.4377 

6 

2.550 

4.1b9 

1386.60 

0 .4247 

7 

2.  523 

4.294 

1563.84 

0.4126 

B 

2.499 

4.418 

1734.25 

0.4012 

9 

2.  477 

4.541 

1898.06 

0.3902 

10 

2.457 

4.667 

2054.61 

0.2792 

11 

2.  438 

4.806 

2202.18 

0.3*34 

12 

2.422 

4.967 

2337.35 

9.3430 
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calculated  Franck-Condon  factors  was  made  using  a  separate  table 
calculated  for  J'=J*=20  since  most  of  the  observed  data  were  not 
near  J*=0 . 

Two  unusual  features  of  the  E^"E+  state  are  revealed  by  the 

g 

Birge-Sponer  plot  of  figure  10.  First,  there  is  a  bend  in  the 
curve  near  v=6.  This  is  the  reason  for  the  unusually  large 
number  of  vibrational  constants  that  were  required  to  fit  the 
E^E+  state  data.  Second,  the  dissociation  energy  obtained  from 

s 

an  extrapolation  of  this  plot  is  only  322  cm  ^  larger  than  the 

energy  of  the  highest  observed  vibrational  level  (v*=12,  J*=0) . 

Since  the  energy  of  the  lowest  possible  dissociation  products , 

Li(2s)+Li(3s) ,  is  over  5000  cm  ^  above  v*=12,  the  upper  part  of 
1  + 

the  E  2^  state  potential  must  differ  radically  from  the  Morse 
model.  Indeed,  recent  theoretical  calculations  (36)  predict  the 
presence  of  a  double  minimum  in  the  potential  curve  of  this  state. 

The  close  agreement  between  the  theoretical  and  experimental 
potential  curves  for  v*»0-12  of  the  E^E^  state  substantiates  this 
prediction.  Potentials  of  this  type  have  been  observed  previously 
in  (37).  The  theoretical  findings  indicate  that  the  second 
minimum  is  due  to  a  configuration  interaction  involving  the  Li(+,~) 
ion  pair  potential. 

The  location  of  the  Li(+,-)  ion  pair  potential  can  be  determined 
from  the  following  equation: 


E(Li+  +  Li")*Ei(Li)-Ea(Li)+De(Li,  X1E+)-116 ,000/r (A) 
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where  the  first  and  second  terms  are  the  ionization  potential  and 
electron  affinity  of  Li,  respectively,  the  third  term  is  the 
dissociation  energy  of  the  ground  state  of  L^,  and  fourth  term  is 
the  Coulomb  potential.  The  energy  is  measured  with  respect  to  the 
base  of  the  ground  state  potential  well  of  in  cm  1  units.  Using 
literature  values  (38-40)  for  the  first  three  terms,  one  gets: 

E(Li+  +  Li~)=43487-5001+8522-116 ,000/r (A) 

*4 7008-116, 000/r (A) 

1  4. 

This  curve  is  plotted  along  with  the  state  potential  in  figure 

11.  A  similar  plot,  which  compares  the  experimental  and  theoretical 

potential  curves  and  vibrational  energies  for  the  E*Z+  state, 

8 

has  been  given  by  Konowalow  and  Fish  (36). 

I  + 

The  interaction  of  the  E  state  with  the  Li(+,-)  ion  pair 

potential  is  analagous  to  the  well-known  interaction  of  the  A^E"*" 

state  of  LiH  with  the  corresponding  ion  pair  potential  of  that 

molecule  (41).  Both  the  E^Z+  state  of  Li_  and  the  A^E+  state  of 

g  2 

LiH  are  nearly  covalent  at  small  intemuclear  distances;  at  larger 
r  values,  they  become  substantially  ionic  due  to  configuration 
mixing  with  a  crossing  ionic  potential  curve;  finally,  as  r-*00,  they 
revert  to  neutrality  in  order  to  dissociate  to  the  proper  atomic 
asymptotes. 

The  energy  levels  resulting  from  the  above  potential  curves 
are  also  unusual.  This  is  evidenced  by  the  presence  of  anomalous 
maxima  in  the  vibrational  spacings  (36,41)  of  the  above  states. 
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figure  11. 


„i„+ 

Potential  curves  for  the  mutually  interacting  c.  <- 
state  and  Li(+,-)  ion  pair.  The  lower  90S  of  the6 

inner  well  of  the  Ex-'r  state  is  an  experimental  RKR 

S  1  4- 

potential.  The  remainder  of  the  state  potential 

was  obtained  from  theoretical  calculations  (36) . 
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Such  behavior  is  difficult  to  represent  by  a  Dunham  expansion.  A 

satisfactory  fit  of  the  E^I+  state  observations  to  Equation  (6) 

S 

was  possible  only  because  the  ionic  part  of  the  curve  was  not 
sampled. 

The  RKR  potential  curves  (9-11,14,20)  for  all  states  of  ^Li^ 
that  were  characterized  prior  to  the  systematic  Rydberg  series 


investigation  are  displayed  in  figure  12.  Three  of  these  states, 

,  and  G^H  ,  have  been  studied  by  means  of  OODR.  The 
g  g  g 

remainder  have  been  examined  using  single-photon  excitation 


methods. 


C.  Unassigned  Vibrational  Bands  from  the  State  Experiment 

There  were  four  1+-+Z  bands  observed  in  the  E^Z+  state 

g 

experiment  that  cannot  be  fit  with  the  Dunham  coefficients  listed 

in  table  2.  Data  for  these  bands  are  presented  in  table  5.  The 

identities  of  the  A^I+  state  vibrational  levels  associated  with 

u 

these  bands  have  been  confirmed  by  the  method  of  combination 
differences.  However,  the  apparent  locations  of  the  upper  state 
energy  levels  of  these  bands  do  not  closely  approach  those  predicted 
(36,42)  for  the  E^E  state  or  any  other  electronic  state  that  is 
expected  to  fall  within  the  range  of  excitation  energies  that  was 
used.  A  possible  explanation  for  these  observations  is  that  large 
systematic  errors  may  be  present  in  the  probe  frequency  data  due 
to  incomplete  filtering  of  the  output  of  the  Raman-shifting  cell. 


Table  5.  Molecular  constants  for  the  unassigned  bands  observed 
during  the  state  investigation. 


Band  Number  Te  +_JV 

Number  of  Lines  B  (cm  )  D  (cm  )  (cm  ) 

v  v 


13 

0.3564 

8.4x10  \ 

28477.66 

:  14 

0.3532 

8.0x10 

28609.24 

l  26 

0.3237 

5. 1x10“ 6 

30139.48 

i  25 

0.3206 

6.1x10  0 

30277.97 
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D.  Analysis  of  the  Rvdberg  States  of  Li, 


The  three  sets  of  gerade  Rydberg  states  that  have  been 
identified  in  consist  of  the  lowest  thirteen  members  (n=3-15) 
of  an  ndn^II  series  and  the  lowest  eight  members  (n=3-10)  of  an 

s 

ndc^I+  and  an  nsC^Z+  series.  Onlv  Rvdberg  states  of  ^Z+  and  ^7 
g  g  '  '  g  S 

symmetry  were  accessible  since  the  second  step  of  all  of  the  OODR 

excitations  originated  at  the  A^I+  state.  The  T  values  of  these 

u  e 

states  as  well  as  those  of  all  other  previously  observed  states 

of  Li,,  are  shown  schematically  in  figure  13.  The  latter  include 

three  gerade  states  investigated  earlier  in  this  laboratory: 

E^Z+,  G^Z  ,  and  F^Z+  (2,6-11).  The  E~I+  and  G^Z  states  were 
g  3  g  g  g 

1_+  1„ 

determined  to  be  the  lowest  members  of  the  nsc  Z  and  ndn  Z 

g  § 

Rydberg  series,  respectively.  The  F^Z+  state  correlates  with  the 
doubly  excited  Li(2p)+Li(2p)  configuration. 

The  data  consist  of  approximately  2S00  transitions  from  the 

1  + 

A  I '  state  to  28  electronic  states  lving  in  the  ranee  33000-42000 
u 

cm  ^  above  the  base  of  the  ground  state  potential  well.  Only- 
levels  v*0,l,i,  and  4  of  the  intermediate  A^Z^  state  were  punned 
since  these  were  sufficient  to  establish  vibrational  numberings 
in  the  Rydberg  states  and  to  yield  adequate  data  bases  for  the 
determination  of  low-order  molecular  constants.  For  each  Rydberg 
state  reported  in  this  work,  data  have  been  obtained  for  at  least 
v*®0,l,  and  2.  The  highest  observed  vibrational  level  for  any  of 
these  Rvdberg  states  was  v*=7.  Most  of  the  OODR  transitions 


terminated  on  rotational  levels  within  the  range  j*»0-40,  although 
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Figure  13.  The  electronic  energies,  Tg,  of  all  experimentally 

observed  states  of  The  three  Rydberg  series 

that  are  reported  in  thi3  work  are  shown  in  columns 
2-4  of  this  figure.  All  ocher  observed  states  appear 
in  column  1.  The  broken  horizontal  line  denotes  the 
calculated  location  of  the  ionization  limit  of 
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levels  up  to  J*=59  were  observed  in  some  instances.  The  wavelengths 

of  the  band  origins  of  all  ^Z"*Va^Z  and  •*-A^Z+  bands  observed 

g  u  g  u 

while  pumping  v '=0,1, and  2  of  the  A^Z*  state  are  listed  in  table  6. 

The  total  energies  of  all  J*=0  levels  associated  with  the  above 

bands  are  also  given  in  this  table . 

A  listing  of  all  pump  lines  (32)  used  in  the  systematic  study  of 

the  Rydberg  states  of  ^li  given  in  table  7.  Many  of  these 

lines  were  used  solely  to  increase  the  data  bases  of  the  2~ 

components  of  the  7-lldTr^H  states.  Data  for  these  components 

were  difficult  to  obtain  because  the  probe  laser  was  unable  to 

resolve  lines  in  the  Q  branches  of  the  observed  7-lldTT^H  •*-A‘*'Z+ 

g  u 

transitions . 

The  vibrational  numbering  was  initially  assigned  to  each 

state  by  assuming  that  the  lowest  observed  level  is  v*=0.  In  all 

cases,  the  lowest  observed  vibrational  level  seen  while  pumping 

v'=l,2,  or  4  in  the  A^Z+  state  was  no  lower  than  the  lowest  level 

seen  from  v'*0.  Franck-Condon  factors  were  derived  from  the 

Dunham  coefficients  for  states  n=4-ll  of  the  ndir^II  series,  n=3-6 

of  the  nso^Z+  series,  and  n=3-5  of  the  nda^Z+  series.  In  all 
g  g 

cases,  the  initial  assignments  were  confirmed  by  comparisons  of 

the  Franck-Condon  factors  with  the  observed  relative  band  intensities. 

Several  high-lying  observed  members  of  the  ndir*H+,  ns0*Z+,  and 

g  g 

ndo  Z*  series  could  not  be  used  in  this  analysis  because  of  the 

1  4-  1  + 

substantial  influence  of  Z  <-*•  ?.  lambda-doubling  perturbations  on 

g  8 

the  rotational  constants  of  these  states.  However,  since  Franck- 


I 


I 
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Table  6a.  Rydberg  state  band  origins  (33,500-38,500  . 

Tabulations  of:  1)  the  observed  probe  laser  wavelength 
(A)  of  each  band  origin  observed  while  pumping  v’=0,  1, 
and  2  of  the  state  of  ^Li£  and  probing  the  range 

5300-3700  A;  and  2)  the  potential  energies  (cm-^)  of 
the  upper  state  J*=0  levels  associated  with  the  above 
band  origins. 

The  potential  energy  }s  measured  with  respect  to  the  potential  minimum 


nl 

A 

V* 

Potential  Energy 
of  the  Upper 

State  J*»0  Level 

O 

Observed  A  (A)  of 
the  Band  Origin 
v'»0  v'=*l  v'*2 

3d 

0 

0 

33445 

5  194 

5262 

3d 

0 

1 

33688 

5129 

51  "6 

5264 

3d 

0 

2 

33926 

5067 

5132 

5  1  q9 

3d 

0 

3 

34  160 

5072 

513b 

3d 

0 

4 

34390 

5076 

4s 

0 

0 

34428 

494  i 

5  00  4 

4s 

0 

1 

34693 

4877 

4938 

5000 

4s 

0 

2 

34951 

46  17 

4876 

4936 

4s 

0 

3 

35202 

4317 

4875 

4d 

1 

3 

35475 

4696 

4754 

4d 

1 

1 

35699 

4649 

4704 

4760 

4d 

1 

2 

35920 

465b 

4711 

4d 

1 

3 

36135 

4610 

4663 

4d 

1 

4 

36346 

4618 

4d 

0 

0 

36416 

4499 

4d 

0 

1 

36672 

4448 

4  493 

4d 

0 

2 

36920 

4  4  49 

44«9 

5s 

0 

0 

36957 

4392 

444  1 

449  1 

4d 

0 

3 

37157 

4  450 

5s 

3 

1 

37200 

4394 

4443 

5d 

1 

0 

37376 

43  13 

4360 

4d 

0 

4 

37376 

4  40  4 

5s 

0 

2 

37438 

4348 

43°6 

5d 

1 

1 

3761  0 

4270 

4316 

436  3 

5d 

1 

2 

3734  1 

4274 

4320 

5d 

0 

3 

37963 

4205 

4253 

5d 

1 

3 

38C69 

4277 

5d 

0 

1 

38152 

4  173 

4217 

6s 

3 

0 

38254 

4  155 

5d 

0 

2 

3636  1 

4  191 

4225 

6s 

0 

1 

38493 

4157 

50 


Table  6b.  Rydberg  state  band  origins  (38,500-40,500  cm  ). 

Tabulations  of:  1)  the  observed  probe  laser  wavelength 
(A)  of  each  band  origin  observed  while  pumping  v'=0,  1, 
and  2  of  the  state  of  ^Li2  and  probing  the  range 

5300-3700  A;  and  2)  the  potential  energies  (cm-^)  of  the 
upper  state  J*-0  levels  associated  with  the  above  band 
origins . 

The  range  of  potential  energy  covered  by  this  table  is  38,500-40,500  cm-^. 


nl 

A 

V* 

Potential  Energy 
of  the  Upper 

State  J*«0  Level 

O 

Observed  X  (a)  of 
the  Band  Origin 
v’-O  v'=l  v'*2 

5d 

0 

3 

38579 

4196 

6d 

1 

0 

38585 

4C99 

6d 

0 

0 

38695 

4081 

6s 

0 

2 

38733 

4  159 

6d 

1 

1 

38831 

4053 

4110 

6d 

0 

1 

38941 

4  0  4  C 

4Ce2 

4  124 

6d 

1 

n 

4* 

3907  4 

416  0 

4101 

7s 

0 

0 

39137 

4CC6 

4049 

6d 

0 

2 

39184 

4042 

6d 

1 

3 

39314 

4  C6  1 

7  d 

1 

0 

39376 

3970 

7s 

0 

1 

39  39  4 

4007 

7d 

0 

0 

39408 

3965 

6d 

0 

3 

39425 

4043 

7d 

1 

1 

39628 

3Q71 

4010 

7s 

0 

2 

39647 

4007 

7d 

0 

1 

39665 

3964 

4  014 

8s 

0 

0 

39755 

39  1  1 

3950 

7d 

1 

2 

39877 

397  0 

8d 

1 

0 

39908 

3888 

7d 

0 

2 

3991  8 

3964 

8d 

0 

0 

39929 

3885 

8s 

0 

1 

40015 

3910 

8d 

1 

1 

4C162 

3889 

3Q26 

9s 

0 

0 

40175 

38  4  3 

389b 

Sd 

0 

1 

4C  187 

38p4 

8s 

0 

2 

4027  1 

3909 

9d 

1 

0 

40272 

3834 

9d 

0 

0 

4C295 

3830 

8d 

1 

2 

4041  4 

3887 

9s 

0 

1 

4  043  4 

33  47 

3884 

8d 

0 

2 

404U  1 

3p8  3 

10s 

0 

0 

40470 

3805 
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Table  6c.  Rydberg  state  band  origins  (40,500  cm  and  above). 

Tabulations  of:  1)  the  observed  probe  laser  wavelength 
(A)  of  each  band  origin  observed  while  pumping  v'=0,  1, 
and  2  of  the  A^E^  state  of  'Li2  and  probing  the  range 
5300-3700  A;  and  2)  the  potential  energies  (cm-^)  of  the 
upper  state  J*=0  levels  associated  with  the  above  band 
origins. 

The  range  of  potential  energy  covered  by  this  table  is  40,500  cm 
up  to  the  maximum  observed  value. 


nl 


Potential  Energy 
of  the  Upper 

A  v*  State  J*“0  Level 


Observed  X  (A)  of 
the  Band  Origin 
v ’=0  v'»l  v'*2 


9d  1  1 

lOd  1  3 

9d  0  1 

10  a  0  3 

9s  0  2 

10s  0  1 

lid  1  0 

9  d  1  2 

lOd  1  1 

9d  0  2 

lOd  0  1 

12d  1  0 

10s  0  2 

lid  1  1 

13d  1  0 

lOd  1  2 

lOd  0  2 

14  d  1  0 

12d  1  1 

15d  1  0 

lid  1  2 

13d  1  1 

14d  1  1 

12d  1  2 

15d  1  1 

13d  1  2 

I4d  1  2 


4053  C 

40546 

40553 

U055e 

4C699 

40730 

40737 

40783 

40605 

U0809 

40617 

4  099  0 

4098  6 

4  099  6 

41*07 

41060 

41073 

41C99 

41149 

4117  4 

41251 

41267 

4  1258 

4  1405 

41433 

41524 

41614 

41688 


379-i 

3752 

3767 

3745 

3729 

2716 
27  C  6 


39  2  3 
3830 

3804 

3793 

3791 

3766 

3744 

3723 

3715 

3735 


3370 

3846 

3932 

3829 

3803 

3792 
37  O0 

3765 

3743 

3727 

3714 
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Table  7. 


Pump  lines  (A  £  -«-X  £  )  and  probe  laser  scanning  ranges  used 

O 

for  the  systematic  investigation  of  the  Rydberg  states  of 


Pump  Line 

0 

X  (A)  Pump 

Pump_£reqa 
(cm  x) 

Probe  X  (X) 
Range 

(0,0) 

HC7) 

7151 

13985.  122 

5200-3700 

(0,0) 

8(15) 

7145 

13984.  597 

4000-3725 

(0,0) 

P(  5) 

7138 

14010. 420 

4000-3720 

(1,0) 

8(39) 

7125 

14035.614 

4075-  39  CO 

(1,0) 

P  (17) 

7041 

14201.645 

U150-38CC 

(1,0) 

8  (21) 

7037 

1421 1. 599 

4200-3760 

(1.0) 

8(19) 

7030 

14224.  296 

4000-3700 

(1.0) 

P  (13) 

7029 

14227.621 

39CC-376C 

(1,0) 

P(11) 

7023 

14238. 503 

5300-3725 

(2,0) 

8(45) 

7047 

14190.997 

4000-3750 

(2.0) 

P  ( 37) 

7026 

14232. 240 

5400-3800 

(2,0) 

P  (23) 

6945 

14393.746 

4055- 3770 

(2,0) 

8(21) 

6936 

14417. C  26 

4460-3700 

(2,0) 

P(  9) 

6898 

14496.767 

4055-3740 

(4,0)  P(29) 


6750 


14815.932 


5235-41 :o 
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Condon  factors  for  transitions  originating  from  the  A  state  are 

expected  to  become  nearly  independent  of  n  and  A  at  large  n,  the 

factors  derived  for  the  high-lying  1II  components  ought  to  apply 

S 

to  the  nearby  II*  components  and  states  as  well.  The  experimental 

o  o 

observations  qualitatively  confirm  this  expectation. 

The  measured  wavelengths  were  converted  to  energies  referred 

to  the  bottom  of  the  X^T*  state  potential  using  the  A^I*  state 

constants  of  Kusch  and  Hessel  (20).  The  assigned  data  for  each 

electronic  state  were  fitted  by  a  linear  least  squares  procedure 

with  the  conventional  Dunham  expansion  (Equation  6).  For  the  P  and 

R  branches  of  the  states,  the  term  q[J(J+l)-l]  was  appended 

S 

to  Equation  (6)  in  order  to  describe  lambda-doubling  interactions. 

The  quantity  q  in  this  term  is  the  lambda-doubling  constant.  The 

Dunham  coefficients  obtained  from  the  above  fits  are  presented  in 

Table  8.  Digits  beyond  the  determined  standard  deviations  are 

given  for  each  coefficient  to  compensate  for  the  effects  of 

statistical  correlations.  Dunham  coefficients  were  not  calculated 

for  the  observed  n=12-15  states  of  the  ndTr^IT  series  because  of 

g 

limited  data.  The  term  values  and  limited  vibrational  constants 

for  these  four  states  are  given  later  in  Table  10.  The  standard 

deviations  of  the  Dunham  fits  and  extents  of  the  corresponding 

data  bases  are  indicated  in  Table  9. 

The  statistical  analvses  of  the  7— lldTr^TI  states  were  hampered 

g 

by  the  aforementioned  scarcity  of  II  data  for  these  states.  It 


was  found  that  the  rotational  constants  for  the  7-lldr  II  components 
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Table  8a.  Dunham  coefficients  (cm  units)  for  the  Rydberg  ndt  II 
states.  Standard  deviations  are  given  in  parentheses? 

For  n=7-ll,  the  H~  and  iT"  components  were  fitteij  separately. 
The  Yq2  values  listed  for  the  lOdir  H  and  lldc 
components  were  estimated  using  equation  (7),  and  then 
incorporated  into  the  Dunham  fits. 


n 

% 

*10 

*20 

4 

35360.761  (0.05) 

228.9824  (0.06) 

-2.12979  (0.02) 

5 

37257.700  (0.05) 

237.3867  (0.04) 

-1.60874  (0.007) 

6 

38460.909  (0.05) 

249.2891  (0.05) 

-1.56509  (0.008) 

7- 

39249.495  (0.3) 

253.3988  (0.6) 

-1.18132  (0.2) 

7+ 

39248.478  (0.07) 

255.0904  (0.09) 

-1.50679  (0.03) 

3- 

39779.262  (0.2) 

257.3414  (0.4) 

-1.32537  (0.1) 

8+ 

39779.301  (0.1) 

257.7284  (0.1) 

-1.46659  (0.04) 

9- 

40150.674  (0.01) 

253.8808  (0.01) 

-0.44708  (0.004) 

9+ 

40142.275  (0.3) 

261.1221  (0.2) 

-.1.96116  (0.07) 

10- 

40415.804  (0.5) 

263.7765  (0.3) 

-1.36528  (0.3) 

10+ 

40414.932  (0.3) 

261.3922  (0.3) 

-1.44148  (0.1) 

11- 

40609.962  (0.2) 

259.1735  (0.3) 

-1.25676  (0.09) 

11+ 

40606.600  (0.2) 

261.7270  (  0.2) 

-1.56765  (0.05) 

a 

?3qx10^ 

*01 

Yuxl03 

4 

-2.6759  (0.2) 

0.4744853  (0.00008) 

-7.36177  (0.01) 

5 

0.4794Q69  (0.0001) 

-5.98328  (0.02) 

6 

0.4859699  (0.00009) 

-5.27802  (0.02) 

7- 

0.4912869  (0.0006 

-5.34246  (0.3) 

7+ 

0.4727549  (0.0002) 

-4.90869  (0.02) 

8- 

0.4949026  (0.0004) 

-4.70064  (0.2) 

8+ 

0.4663607  (0.0005) 

-4.39667  (0.04) 

9- 

0.4950088  (0.00002) 

-3.96518  (0.01) 

9+ 

0.4834892  (0.0005) 

-3.79613  (0.09) 

10- 

0.4960389  (0.001) 

-7.08892  (0.9) 

10+ 

0.4556259  (0.001) 

-4.39457  (0.2) 

11- 

0.4963454  (0.0005) 

-3.91218  (0.3) 

11+ 

0.4811837  (0.0005) 

-4.14780  (0.2) 

n 

To2XlO« 

?Q3Xl09 

*04*1°12 

4 

-7.36359  (0.04) 

5 

-7.33819  (0.04) 

6 

-6.52103  (0.05) 

7- 

-6.77949  (0.3) 

7+ 

4.33594  (0.3) 

-3.27750  (0.1) 

0.40065  (0.02) 

3- 

-6.37597  (0.3) 

3+ 

13.98919  (0.9) 

-7.40925  (0.6) 

1.03667  (0.1) 

9- 

-6.31723  0.007) 

9* 

-1.63552  (3.5) 

-0.85494  (0.2) 

10- 

-7.1 

10+ 

26.50169  (2) 

-15.65633  ( 1) 

11- 

"(  ,1 

11+ 

3.03638  (0.4) 

axlO^ 

3.8315  (0.03) 
1.9305  (0.04) 
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Table  8b.  Dunham  coefficients  (cm  units)  for  the  Rydberg 
nso^-Eg  states.  Standard  deviations  are  given  in 
parentheses . 


a 

*« 

*10 

*20 

4 

34293.643  (0.07) 

270.7360  (0.09) 

-2.92366  (0.04) 

5 

36332.622  (0.04) 

249.4297  (0.07) 

-2.93425  (0.02) 

6 

38129.130  (0.1) 

251.7342  (0.2) 

-4.08597  (0.07) 

7 

39007.312  (0.1) 

260.5532  (0.2) 

-1.91811  (0.05) 

3 

39624.361  (0.05) 

262.5268  (0.06) 

-1.62886  (0.02) 

9 

40044.034  (0.2) 

262.3960  (0.2) 

-1.49164  (0.06) 

10 

40339.509  (0.09) 

252.6953  (0.1) 

-1.61811  (0.08) 

a 

Y30xl02 

*01 

Yuxl03 

4 

-3.1534  (0.4) 

0.4796913  (0.0001) 

-6.27368  (0.06) 

5 

0.4897651  (0.00008) 

-10.00585  (0.04) 

6 

0.4856933  (0.0005) 

-9.88352  (0.3) 

7 

0.4958304  (0.0002) 

-4.44020  (0.06) 

3 

0.4915980  (0.00006) 

-5.33864  (0.02) 

9 

0.4908477  ! 0.0005) 

-4.40224  (0.2) 

10 

0.4808107  (0.0006) 

-6.84330  (0.5) 

a 

T21x10* 

T02*106 

?03*109 

** 

-2.33031  (0.1) 

-6.1618  (0.04) 

5 

-7.6376  (0.03) 

i 

-3.6932  (0.4) 

i 

-3.2105  0.2) 

0.26038  (0.34) 

3 

-6.6164  (0.02) 

9 

-10.8119  (0.7) 

2.55303  (0.3) 

10 

-1.1051  (0.7) 

n 

u 

5 

6 

3 

i  -0. -.15160  (0.05) 
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Table  8c.  Dunham  coefficients  (cm  units)  for  the  Rydberg 
ndo£g  states.  Standard  deviations  are  given  in 
parentheses . 


n 

*io 

*20 

3 

33320.180  (0.04) 

248.6108  (0.06) 

-3.07061  (0.03) 

4 

36284.375  (0.07) 

263. 2002  (0.1) 

-3.65664  (0.03) 

5 

37890.096  (0.1) 

145.6560  (0.3) 

23.02141  (0.1) 

3 

38571.788  (0.1) 

247.5540  (0.09) 

-1.05137  (0.02) 

— 

39277.230  (0.3) 

261.5741  (0.5) 

-2.34438  (0.2) 

8 

39798.738  (0.2) 

281.0142  (0.2) 

-1.63425  (0.06) 

9 

40163.371  (0.2) 

262.2483  (0.2) 

-1.74167  (0.05) 

10 

40426.921  (0.3) 

261.9442  (0.3) 

-1.41824  (0.1) 

a 

?30x102 

T40x102 

*01 

3 

18.3739  (0.5) 

-1.12034  (0.03) 

3.4653795  (0.00007) 

4 

0.4935457  (0.0001) 

5 

-239.3077  (2) 

0.4760104  (0.0002) 

8 

0.4972418  (0.0005) 

7 

0.5121084  (0.0006) 

8 

0.5285922  (0.0006 

9 

0.5342577  (0.0008) 

10 

0.5459900  (0.001) 

n 

Yuxl03 

YzxxlO4 

YijxlO5 

3 

-2.35777  (0.04) 

0.04659  (0.1) 

-2.34601  (0.1) 

4 

-5.43616  (0.1) 

-6.03726  (0.4) 

5 

-10.42365  (0.3) 

16.76032  (0.6) 

6 

-4.41331  '0.2) 

7 

-4.39225  (0.2) 

3 

-5.79298  (0.1) 

9 

-6.17789  (C.l) 

10 

-5.54291  (0.3) 

n 

T-j2x106 

Yj^xlO0 

?O3Xl09 

3 

-8.5530  (3.06) 

-3.13182  (3.007) 

0.09922  3.02) 

4 

-7.2513  (0.04) 

5 

-10.9856  (0.1) 

2.07768  ,  ).■’.*! 

6 

-9.0409  (0.6) 

1.06952  3..- 

-). 74908  (3.09) 

7 

-10.0650  (0.5) 

3. ■•4013  (3.1) 

3 

-13.1594  (0.7) 

2.12325  (0.2) 

9 

-22.6173  (1) 

3.71539  • 3.4) 

10 

-33.4130  (2) 

57 


Table  8d.  Dunham  coefficients  (cm  ^  units)  for  an  observed  ^-ilg  state  of 
^Li2  having  an  unidentified  atomic  correlation. 


Constant 

Value  (St. 

Dev. ) 

Te 

38849.420 

(0.07) 

*10 

260.4173 

(0.09) 

*20 

-1.64461 

(0.03) 

*01 

0.5042050 

(0.00009) 

Y02  x  106  -7.42273  (0.03) 

XU  x  103 


-6.16985  (0.03) 
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Table  9.  Statistical  data  for  the  Rydberg  states  of  diatomic  lithium. 


Q 

Maxima 

V 

ns  J-*-  Z-r* 

Msxlaum 

J 

series 

SC.  Dev. 
of  Fit  (ca-*-) 

Number  of 

Lines  Flc 

4 

5 

45 

0.20 

271 

5 

3 

49 

0.12 

145 

6 

2 

31 

0.14 

35 

7 

2 

59 

0.27 

136 

8 

2 

49 

0.08 

73 

9 

2 

57 

0.21 

78 

10 

2 

25 

0.06 

17 

ndo^-2,*  series 

n 

Maxima 

7 

Maximum  SC.  Dev. 

J  of  Flc  (cm-1) 

Number  of 
Lines  Flc 

3 

7 

51 

0.08 

393 

•a 

4 

45 

0.13 

161 

5 

3 

43 

0.15 

132 

8 

3 

49 

0.20 

111 

7 

2 

53 

0.37 

52 

3 

2 

45 

0.19 

44 

9 

-» 

39 

0.15 

35 

10 

2 

25 

0.24 

26 

series 

n 

Maximum 

Maxlaum 

Sc.  Dev. 

Number  of 

7 

of  Fit  (cm-1) 

Lines  Flc 

4 

5 

45 

0.17 

246 

3 

5 

49 

0 . .  / 

162 

6 

4 

43 

0.12 

99 

7- 

2 

46 

0.21 

8 

7+ 

2 

59 

0.13 

102 

8- 

2 

46 

0.15 

8 

3+ 

2 

49 

0.18 

83 

9- 

* 

40 

0.00 

7 

9* 

47 

0.28 

55 

10- 

22 

).29 

6 

10+ 

* 

35 

0.34 

55 

11- 

*» 

22 

0.10 

6 

11+ 

2 

31 

0.18 

51 
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are  very  sensitive  to  statistical  correlations  within  the  sets  of 
constants  that  were  obtained  from  combined  fits  of  II-  and  H+  data. 
Therefore,  the  II  and  H+  levels  were  analyzed  separately.  In  two 
cases  (lO-lldfr^II  ) ,  it  was  necessary  to  use  an  assumed  value  for 

o 

the  centrifugal  distortion  constant,  based  on  Equation  (7) 

in  order  to  circumvent  the  problem  of  limited  II  data. 

When  comparing  Dunham  coefficients  of  electronic  states 

within  the  same  Rydberg  series,  it  is  desirable  to  use  the  same 

set  of  coefficients  for  fitting  each  state  and  to  restrict  the 

data  bases  to  roughly  the  same  range  of  v  and  J  since  the  Dunham 

coefficients  are  sensitive  to  these  parameters.  However,  this 

procedure  was  used  only  sparingly  in  the  analysis  described  here 

since  only  a  few  of  the  observed  Rydberg  states  are  useful  for 

deriving  the  properties  of  the  ground  state  of  Li^.  For  the 

remaining  Rydberg  states,  the  advantage  of  having  constants  that 

fit  all  of  the  observed  levels  outweighs  the  desirability  of  using 

the  same  coefficients  for  all  members  of  the  series.  The  vibrational 

analyses  of  all  n>7  Rydberg  states  were  restricted  to  two  constants 

and  Y9Q  and  three  vibrational  levels  (v**0-2).  The  II-  components 

of  the  7-lld~1:i  states  were  additionallv  restricted  to  three 
g 

rotational  constants  (Yq^,  Y^.  and  but  lambda-doubling 

interactions  of  the  type  ^H+  render  restrictions  in  the  rotational 

3  g 

constants  pointless  for  all  other  observed  high-lying  Rydberg  states. 
The  correlations  between  the  rotational  and  vibrational  constants 
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in  each  Dunham  fit  are  sufficiently  small  that  restrictions  did 

not  have  to  be  applied  to  the  two  subsets  of  constants  simultaneously. 

A  summary  of  the  most  significant  information  contained  in 
the  above  listings  of  Dunham  coefficients  is  presented  in  Table  10. 
This  listing  includes  several  parameters  that  are  not  explicitly 
given  in  Table  8.  The  lambda-doubling  constants  that  are  presented 
in  Table  10  for  the  7-lldTT^H^  states  have  been  computed  from  the 
relation 


q=Be(ndir+)-Be(ndTr“)  (11) 

The  constants  listed  for  members  n*12-15  of  the  ndr^IT  series  had 

g 

to  be  determined  indirectly  since  the  observations  for  each  of  these 
states  consist  of  only  one  rotational  level  for  each  of  the  v*=0-2 
vibrational  levels.  These  values  were  calculated  using  the 
asymptotic  values  of  the  rotational  constants  obtained  as  described 
later. 

The  Dunham  coefficients  of  Table  8  were  used  to  calculate 
RKR  potential  curves  for  all  states  for  which  lambda-doubling 
interactions  appeared  to  be  negligible.  These  potentials  are 
presented  in  Table  11  along  with  the  associated  and  Bv  values. 
Each  of  these  RKR  curves  was  then  used  to  calculate  Franck-Condon 
factors  for  transitions  originating  from  the  A^Z+  state. 

These  factors  are  listed  in  Table  12. 

Principal  quantum  numbers  were  assigned  to  each  member  of  a 
particular  Rydberg  series  by  comparing  the  successive  molecular 
potential  well  separations  with  energy  differences  between 
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Table  10b. 


Selected  molecular  constants  for  the  ndc1!*  and 
nso  Rydberg  states  of  ^Li-2*  All  units  are  cm 
except  where  indicated  differently. 


a 

to 

te 

4*Xe 

3, 

*e 

r,(D 

3 

27357.2 

27410  .2 

245.9 

2.3 

0.505 

0.0096 

3.09 

4 

34253.2 

34293.6 

270.7 

2.9 

0.480 

0.0063 

3.17 

5 

36781.6 

36832.6 

249.4 

2.9 

0.490 

0.0100 

3.13 

6 

38079.0 

38129.1 

251.3 

4.1 

0.486 

0.0099 

3.15 

7 

38962.1 

39007.3 

260.6 

1.9 

0.496 

0.0044 

* 

8 

39580.2 

39624.4 

262.5 

1.6 

0.492 

0.0053 

ft 

9 

39999.7 

40044.0 

262.1 

1.5 

•0.491 

0.0044 

ft 

10 

40295.4 

40339.5 

262.7 

1.6 

0.481 

0.0068 

ft 

ndgl 

t-~  series 

r. 

"o 

“e 

■“exe 

’e 

r.(A) 

3 

33268.9 

33321.1 

246.3 

*9  1 

—  e  A. 

0.465 

0.0018 

3.22 

4 

36240.5 

36284.9 

263.2 

3.7 

0.494 

0.0054 

3.12 

5 

37793.4 

37390.1 

145.7 

-23.0 

0.476 

0.0104 

3.18 

6 

38520.3 

38571.8 

247.6 

1.1 

0.497 

0.0044 

ft 

7 

39232.5 

39277.2 

261.6 

2.0 

0.512 

0.0044 

* 

3 

39753.3 

39798.7 

261.3 

1.6 

0.529 

0.0058 

ft 

9 

40119.3 

40163.9 

262.2 

1.7 

0.334 

0.0062 

ft 

10 

40382.5 

40426.9 

261.9 

1.4 

0.546 

0.0055 

ft 

r,  is  not  jlvan  because  3a  is  substantially  perturbed  by  lambda-doubling  interactions 
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Table  11a. 


RKR.  data  for  the  nsa^E+  and  nda^I+ 

S  g 


Rydberg  states  of 


nl 

V 

r (min)  r (max) 

(Angstroms) 

G 

V-1 
(cm  x) 

B 

,  -1, 

(cm  } 

3d 

-1/2 

2.2134 

3.2134 

0.00 

0 . 4b  5  4 

0 

3.  0252 

3.4204 

123.56 

0.463° 

2.8966 

3.5873 

366.57 

0. 46  10 

2 

2.3  122 

3.7113 

604,77 

0.4579 

3 

2.7469 

3.8184 

838.72 

0. 4542 

4 

2. 6928 

3.9166 

1C66.72 

0.4500 

5 

2.6470 

4.0098 

1294.79 

0.4451 

6 

2.6075 

4 . 1  CO  5 

1516.70 

0.4392 

7 

2.573  1 

4.191C 

1733.93 

0.4322 

4s 

-1/2 

3.  1651 

3.1651 

0.00 

0.4797 

0 

2.9885 

3.367  1 

124.63 

0. 476c 

1 

2.9733 

3.5355 

399.25 

0.  4b 9 p 

2 

2.  8005 

3.6646 

657.29 

0.4622 

3 

2.7452 

3.7797 

908.27 

0. 4542 

4 

2.7002 

3.8964 

1151.68 

0.4457 

5 

2.6623 

3.9942 

1387.04 

0 . 4  3  b  6 

4d 

-1/2 

3.  1204 

3.1204 

0.00 

0. 49  35 

0 

2.940  1 

3.3245 

’30.6° 

0.4907 

1 

2.8212 

3. 4950 

386.57 

0.4840 

2 

2.7464 

3.6269 

635.15 

0. 47b2 

5s 

-1/2 

3.  1324 

3.1324 

0.00 

0.4858 

0 

2.9521 
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Table  lib. 


RKR  data  for  the 


Rydberg  states  of 
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Table  12a.  Franck-Condon  factors  (x  1000)  for 

transitions  of  7Li, 
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Table  12d.  Franck-Condon+f actors  (x  1000)  for 
7-lld7rl!I  «-A^-£u  transitions  of  ^Li? 
(J'=J*=0T. 
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successive  Li  atomic  levels  (38,43).  This  comparison  is  based  on 
the  assumption  that  the  molecular  dissociation  energies  of  the 
high-lying  Rydberg  states  are  not  significantly  influenced  by 
a  distant  Rydberg  electron  (16).  It  was  found  that  corresponding 
atomic  and  molecular  separations  agree  to  within  a  few  percent 
for  n>6  in  all  three  observed  Rydberg  series.  These  separations 
are  shown  in  Table  13.  The  convention  used  for  assigning  n  values 
to  the  molecular  electronic  states  was  the  hydrogenic  model. 

For  the  nsG^Z^  Rydberg  series,  the  procedure  used  for  assigning 
n  also  fixes  the  azimuthal  quantum  number,  2,  since  the  energy 
spacings  of  the  atomic  s  levels  of  Li  are  easily  distinguishable 
from  those  of  any  other  set  of  atomic  Rydberg  levels.  However, 
this  procedure  is  unable  to  distinguish  between  different  ^0 
series.  Therefore,  the  remaining  assignments  could  be  made  only 
by  resorting  to  the  argument  that  the  strongest  molecular  transitions 
are  expected  to  be  those  that  correspond  to  allowed  atomic 
transitions  (16).  Since  the  second  step  of  all  of  the  00DR 
excitations  originated  at  the  state,  which  dissociates  to 

Li(2s)  +  Li(2p),  and  since  the  2=0  series  was  separately  identified, 
it  was  concluded  that  2* 2  for  both  of  the  series  that  were  not 
directly  assignable. 

Listings  of  the  diatomic  molecular  states  that  arise  from 
various  combinations  of  atomic  lithium  states  are  presented  in 

1  4. 

Table  14.  All  of  the  observed  Z  states  were  assigned  to  the 

S 

Li(2s)  +  Li(ns)  or  Li(2s)  +  Li(nd)  Rydberg  series  asymptotes 


or  to  the  doubly  excited  Li(2p)  +  Li(2p)  configuration.  The 
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Table  13.  Comparison  of  corresponding  atomic  and  molecular  energy  spacings  in 
the  Rydberg  states  of  lithium.  All  values  are  in  cm~l  units. 


nd  series 

n  pair  AT0  (ndo^-Eg+)  AT0  (ndn^-lg)  AE  (atomic) 


3-4 

2972 

4-5 

1553 

5-6 
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247  2 

1209 
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531 
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370 
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92 

89 

74 

72 

ns  scries 
AT0  (nsalc„+) 

v  o 


n  pair 


AE  (atomic) 
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Table  14. 


Singlet  electronic  states  of  Li,,  resulting  from 
various  combinations  of  Li  atoms. 


Combination  of 


Unlike 

Atoms 

g 

u 

^iCns) 

+  Li(n's) 

U+ 

L 

g 

1z+ 

“u 

Li(ns) 

+  Li(np) 

V 

v 

■lg 

1-+  L. 
“u*  '  u 

Li (ns) 

+  Li(nd) 

V 

Ln  , 

g  g 

V\ 

u’  U 

an/n' 


Combination  of 

Like  Atoms 

g 

U 

Li(2s)  +  Li(2s) 

V 

2 

none 

Li (2p)  +  Li(2p) 

o 

1Z+(2),  h 

g  g 

17-  u 

V  “u 

identifications  of  the  E~Z'  and  F~E '  state  dissociation  products 

8  8 

have  been  confirmed  by  ab  initio  calculations  (36,42).  The  ^E 

g 

state  correlations  are  also  straightforward  except  in  two  cases. 

First,  none  of  the  observed  states  can  be  identified  with  the 

doubly  excited  Li(2p)  +  Li(2p)  asymptote.  Quantum  mechanical 

calculations  (42)  indicate  that  the  molecular  constants  of  this 

state  differ  markedly  from  those  of  any  of  the  observed  states. 

The  second  irregularity  in  the  state  observations  is  the 

presence  of  a  ^E  state  located  about  halfway  between  the  6diT^E 
8  g 

and  7dTr  states.  This  state  probably  correlates  with  a  doubly 

excited  atomic  configuration.  It  does  not  appear  to  be  a  member 

of  a  Li(2s)  +  Li(n2)  Rydberg  series  as  no  other  series  members  were 

observed.  The  most  probable  correlation  is  Li(2p)  +  Li(3s),  which 

would  give  Dq=11,646  cm  ^ .  The  Dunham  coefficients,  RKR 

potential,  and  Franck-Condon  factors  that  were  derived  for  this 

state  are  presented  in  Table  15.  There  are  no  signs  of  any 

perturbations  that  might  be  causing  this  state  to  be  observable 

solely  on  account  of  configuration  mixing. 

One  of  the  electronic  states  that  was  identified  as  a 

Rydberg  state  in  the  above  analysis  was  characterised  prior  to  the 

experiments  described  in  this  work  (9).  This  state,  G^E  ,  has 

3 

been  found  to  correlate  with  the  Li (2s)  +  Li (3d)  asymptote. 

This  assignment  differs  from  an  earlier  Li(2p)  +  Li(2p)  assignment 
(9)  which  was  made  on  the  basis  of  much  more  limited  information 
than  is  now  available.  It  is  interesting  to  note  that  the  G^E 


state  may  actually  dissociate  to  the  lower-lying  Li(2p)  +  Li(2p) 
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Table  15.  Summary  of  results  derived  for  an  observed 
Mlg  state  of  having  an  unidentified 

atomic  correlation. 
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configuration  in  accordance  with  the  non-crossing  rule.  This  is 

because  the  state  that  formally  belongs  to  the  Li(2p)  +  Li(2p) 

configuration  is  predicted  (42)  to  lie  above  the  observed  location 

of  the  GXn  state, 
g 

The  electronic  energies  of  several  of  the  upper  members  of 
each  Rydberg  series  were  fit  with  the  molecular  Rydberg  equation: 

T  (n)=T  (®)-R(n-S)'2  (12) 

o  o 


where  n  is  the  principal  quantum  number,  5  is  the  quantum  defect, 
and  R  is  the  Rydberg  constant  (109733  cm  ^  for  ^Li^) • 

The  quantum  defect  is  a  measure  of  the  non-Coulombic  contribution 
to  the  electric  field  experienced  by  a  Rydberg  electron.  This 
quantity  increases  as  1  decreases  since  the  probability  of  finding 
an  electron  in  the  non-Coulombic  core  region  increases  with  decreasing 
i.  For  a  given  l  value,  the  quantum  defect  is  expected  to  approach 
a  constart  as  n  increases  since  the  shape  of  the  inner  part  of  a 
Rydberg  state  wave  function  is  approximately  independent  of  n  at 
large  n  (44).  The  optimum  value  for  the  ionization  potential. 


Tq(“),  is  therefore  determined  by  choosing  trial  values  of  this 

quantitv  until  a  plot  of  5  vs .  T  («)-T  (n)  exhibits  a  plateau  at 

oo 
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No  rotational  correction  of  this  value  is  required  since  the 

virtual  v=0,  J=0  levels  of  the  components  correlate  with  the 

S 

2  +  + 

v*0,  N=0  level  of  the  X  £ state  of  Li?  (21).  A  plot  of  c  vs. 

T  (°°)-T  (n)  for  T  (°°)=41496  cm  ^  is  shown  in  figure  14  for  the 
o  o  o 

ndTr^n  series.  A  listing  of  the  5  values  associated  with  this  figure 
8 

is  presented  in  Table  16  along  with  similar  listings  obtained  using 

several  other  trial  values  of  T  (<a) .  A  comparison  of  the  above 

o 

T  («)  value  with  corresponding  values  obtained  from  photoionization 
o 

(45-47),  electron  impact  ionization  (48,49)  ab  initio  calculations 

(50)  and  an  earlier  Rydberg  extrapolation  (51)  is  given  in  Table  17. 

The  values  of  T  (“)  obtained  from  the  nso^Z+  and  nda^Z  series 
o  g  8 

data  are  consistent  with  the  value  stated  above  but  are  not  as 

precise.  Both  series  give  a  well-defined  lower  limit  of  To(°°) =41490 

cm  ^ .  However,  in  both  cases,  the  upper  limit  (approximately  41510 

cm  ^)  can  only  be  crudely  estimated  since  it  is  impossible  to 

determine  whether  or  not  5  reaches  a  plateau  for  n<ll  in  this  series. 

1_+  1-+ 

Listings  of  5  values  obtained  for  the  ndc  l  and  nsc  l  states 

g  g 

are  presented  in  Table  18  for  several  trial  values  of  T  (°°) . 

For  T  (°°)=41496  cm  \  the  limiting  quantum  defects  for  the  nd~^!I  , 
o  g 

nda^Z+,  and  nscr^Z"*"  series  are  0.15,  0.07,  and  0.44,  respectively, 
g  g 

In  addition  ,  to  deriving  values  for  To(°°)  and  -*  the  Rydberg 
equation  can  be  used  to  determine  which  of  the  observed  electronic 
states  can  be  regarded  as  pure  Rydberg  states.  If  the  Ritz 
equation  :=cc+3/n*'  is  assumed  (52),  where  i  and  £  are  adjustable 


constants,  then  the  T  (n)  values  of  members  n=7-9  and  11-15  of 

o 

the  nd”^H  series  and  members  n=7-10  of  the  nsc^I+  and  ndc^Z+ 
g  S  S 


The  quantum  defects,  of  the  ndTT^n  Rydberg  states  of 

7  .  ® 

Li?.  The  :  values  were  calculated  trom  the  Rydberg 

eauation  for  T  (“>■‘*1496  ca  .  The  asvaototic  behavior 
o 


exhibited  by  :  in  this  plot  indicates  that  the  ionization 
potential  is  at  its  optimum  value  with  respect  to  the 
observed  sDectral  data. 


The  objective  is  to  find  a  vai tie  of  10  (»1  that  causes  the 
calculated  value  of  the  quanta*  defect,  i,  tc  reach  a  plateau  at 
large  a.  This  table  gives  quantua  defects  fcr  several  trial  value 
of  T0<°»).  The  Tq  f» )  values  are  specified  in  the  headings  in  ca 
units.  The  uncertainties  listed  fsr  ?3(»>=umPg  ca_i  appif  to  ail 
five  coluans  of  5  values.  The  hcttct  section  of  this  tacle  shews 
the  results  of  a  statistical  detersiaaticn  of  which  »rial  value  of 
To  (»)  is  the  test  value. 
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Table  17.  Comparison  of  selected  experimental  and  theoretical  values  for  the 
ionization  potential  of  Li2  (cm”l  units). 


OODR  41496  ±  4  present  work 

Ab  initio  41630  ±  200  50 

OODR  ionization  in  a  molecular  beam  41475  ±8  45 

OODR  with  two  argon  ion  lasers  41730  ±  100  47 

Electron  impact  ionization  39200  i  800  49 

39800  i  800  48 

Photoionization  41500  ±  800  46 

Bl.Ty,  C^ily,  D^-Hy  series  extrapolation  40250  51 
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Table  18. 


1  +  1  + 

Determination  of  T  (»)  for  the  nsa  Z  and  nda  Z  Rvdberg 
series  of  °  8  8 


For  an  explanation  of  this  table,  see  Table  16. 
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0.405 

0.411 
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series  can  be  fit  with  the  Rydberg  equation  to  within  1  cm 

The  TQ(n)  value  for  the  lOdTr^F^  state  cannot  be  fit  accurately 

because  of  a  homogeneous  perturbation. 

Six  of  the  states  for  which  Dunham  coefficients  are  listed  in 

Table  8  contain  a  substantial  number  of  energy  levels  that  cannot 

be  fit  satisfactorily  with  Equation  (6) .  These  consist  of 

members  n*9-ll  of  the  ndir^II  series,  n*4-5  of  the  ndo^I+  series, 

g  g 

and  n*5  of  the  nscr  Z  series.  Each  of  these  states  is  discussed 

g 

below. 

The  irregularities  in  the  9dTr^I!  and  lOdir^H  data  can  be 

attributed  to  homogeneous  perturbations  of  the  v+1  vibrational 

levels  of  the  9d7r^II  state  by  the  v  levels  of  the  lOdm^II  state. 

g  S 

These  interactions  can  be  described  in  terms  of  a  model  that  was 
developed  by  Herzberg  and  Jungen  to  account  for  observed  vibrational 
and  rotational  perturbations  in  Rydberg  states  of  H7  (53).  This 
model  predicts  strong  homogeneous  perturbations  between  closely 
lying  pairs  of  Av»l  vibrational  levels  belonging  to  a  cc  ion 
Rydberg  series.  The  Av»l  perturbations  have  been  formulated  in 
terms  of  do/dr,  where  r  is  the  internuclear  distance,  and  an  explicit 
expression  has  been  obtained  which  can  be  applied  to  Av=l  interactions 
in  any  diatomic  Rydberg  series.  The  relative  magnitudes  of  the 
observed  9d~^II  (v+1  )•*— *,10d“^H  (v)  perturbations  in  were  found 


to  be  in  good  agreement  with  the  above  model. 

The  homogeneous  displacements  of  the  9d"Vi  and  10d~^II 

g  g 

vibrational  levels  were  measured  by  fitting  data  from  adjacent 


unperturbed  Rydberg  states  with  a  Tavlor-expanded  form  of  the 
Rydberg-Ritz  formula: 
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T(n)=T(“)-Rn”2+c3n-3+c5n';> 


where  and  c^  are  adjustable  constants,  and  T(n)  is  the  sum  of 

the  electronic  and  vibrational  energies  of  the  nth  Rydberg  state. 

The  downward  displacements  of  the  9d^II  (v+l;J=0)  levels  (matched 

by  the  upward  displacements  of  the  lOdTT^H  (v;J=0)  levels)  are 

8 

4.4  cm  ,  6.3  cm  ,  and  7.1  cm  ^ ,  for  v*0,l,  and  2,  respectively. 
The  interaction  matrix  element,  H,  can  be  determined  for  each  of 
the  interacting  vibrational  levels  by  means  of  the  following 
relation,  which  is  well  known  from  perturbation  theory  (21): 


H*y£(£:+AEo) 


where  is  the  separation  of  the  unperturbed  pair  of  vibrational 
levels  and  £  is  the  magnitude  of  the  displacement  of  either  level 
from  its  unperturbed  location.  The  H  values  corresponding  to  the 
above  perturbations  are  7.7,  10.8,  and  13.3  cm  \  respectively. 


The  rotational  constants,  Be  and  cta,  of  the  9d?r  component 

were  deperturbed  by  applying  two  assumptions:  1)  the  v=0  level  of 

the  9dT^TI  state  is  unperturbed  since  there  is  no  lOd"3-!!  vibrational 
g  g 

level  nearby;  and  2)  the  ag  value  for  the  9d"37I^  state  is  approximately 
the  same  as  the  values  of  nearly  unperturbed  Rydberg  states. 

The  3v  values  for  the  10df^~^  component  were  deperturbed  by  assuming 
equal  and  opposite  repulsions  occur  between  the  9dT^IIg  (v+1)  and 
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lOdTT  H  (v)  levels.  The  results  of  the  above  procedures  are 
presented  in  Table  19. 

Additional  homogeneous  perturbations  are  likely  to  be  present 

in  most  of  the  n>10  states  of  the  ndiT^II  series  but  only  those 
1  ® 

in  the  lldTi  II  state  were  found  to  be  significantly  larger  than 
8 

the  precision  of  measurement.  An  attempt  to  deperturb  the 
lldTr^II  state  was  abandoned  when  it  became  clear  that  a  large 
number  of  possible  perturbing  states  would  have  to  be  considered 
in  the  calculations. 

The  most  unusual  state  that  was  observed  was  the  5da^Z+ 

g 

state.  The  vibrational  spacings  in  this  state  are  expected  to 

start  at  about  250  cm  ^  and  then  slowly  decrease.  However,  the 

first  three  obs«.  .’ed  vibrational  spacings  are  184  cm  1,  208  cm  \ 

and  219  cm  \  respectively.  This  behavior  suggests  a  repulsion  of 

the  lower  vibrational  levels  of  the  Sda^Z*  state  by  an  unidentified 

g 

Z  state  lying  at  lower  energy.  Indeed,  a  fit  of  the  neighboring 
g 

ndc^Zg  states  to  a  Rydberg  formula  indicates  that  the  bottom  of  the 
potential  well  of  the  5da^Zg  state  is  displaced  upward  by  about 
300  cm  .  Despite  the  unusual  vibrational  structure  presented  by 
this  state,  there  is  good  agreement  between  observed  relative  band 


intensities  and  calculated  Franck-Condon  factors. 

Other  unusual  states  include  4dcr^Z+  and  5so^Z+.  The  3 

g  g  v 

values  of  each  of  these  states  decrease  at  a  normal  rate  over  the 


first  few  vibrational  levels  but  then  drop  sharply  at  v»3  in  the 

5so^I+  state  and  at  v*4  in  the  4dc^I+  state.  Since  such  behavior 
g  g 

cannot  be  represented  accurately  bv  a  Dunham  expansion,  only 
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the  lowest  few  vibrational  levels  of  the  above  two  states  were 
fitted  with  Equation  (6). 

A  noteworthy  feature  of  the  upper  Rydberg  states  of  Li0  is 
the  prominent  role  that  is  played  by  heterogeneous  perturbations. 
Lambda-doubling,  which  is  an  interaction  between  rotational  and 
electronic  motion,  is  the  most  commonly  observed  perturbation  of 
this  type.  Lambda-doubling  can  occur  between  any  pair  of  electronic 
states  with  AA  =  ±1  and  AS=AI=0  but  manifests  itself  most  prominently 
in  the  removal  of  the  double  degeneracy  of  pi  state  rotational 
levels.  Figure  15  illustrates  the  splitting  produced  in  a  ^71^  state 
as  a  result  of  lambda-doubling  interactions.  In  this  case,  the 
perturbed  energy  levels  can  be  represented  in  terms  of  two  effective 
rotational  constants,  one  describing  the  II  component  (also  called 
"c"  levels)  of  the  pi  state  and  one  describing  the  IT  component 
(also  called  "d"  levels). 

The  effect  of  lambda-doubling  on  the  structure  of  an  OODR 
band  is  illustrated  in  figure  3.  The  intense  P-Q-R  triplet  of  chis 
band  does  not  have  the  nearly  equal  P-0  and  Q-R  energy  spacings 
that  characterize  an  unperturbed  pi  band.  Instead,  the  P  and  R 
lines  are  displaced  to  lower  energies  as  a  result  of  ^17+“— 
lambda-doubling  perturbations. 

Lambda-doubling  becomes  important  in  the  nd-'".!  series  at  r.*7. 


This  observation  is  consistent  with  the  fact  that  the  spacings 

1  +  1 

between  corresponding  members  of  the  nd"‘H  and  nd"  IT  series  are 
much  larger  for  n<7  than  for  n>7.  Furthermore,  the  observed 
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Figure  15.  Illustration  of  laabda-doubling  la  a  *TI  <cic<.  The 

I„*  *  u- 

c  end  i  coooonencs  Interact  with  -  and  -  states, 

8  8 

respectively.  Here,  the  c  levela  are  depleted  ae  lying 
higher  in  energy  than  the  correspond  it- ?  i  levela,  but 
the  opposite  is  also  possible. 
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behavior  of  che  rotational  conatant,  By,  in  each  of  cheae  two 

eerie*  Is  consiscenc  with  che  face  ehac  che  ndclZ+  scares  lie 

8 

higher  in  energy  chan  Che  corresponding  nd*1!^  states.  However, 
Che  By  values  for  these  states  cannot  be  deper curbed  simply  by 
creating  each  nd  complex  as  an  iaolaeed  encicy.  The  failure  of 
conventional  methods  co  handle  similar  perturbation  problems  In 
H2  and  He j  has  led  co  che  development  of  aul cl channel  quantum 
deface  theory  (36).  However,  such  a  procedure  is  not  essenclal 


in  che  present  analysis  since  che  rotational  constants  of  che 


ground  state  of  Li^  can  be  determined  through  examination  of  the 
.1  components  of  che  ndrlH^  Rvdberg  states. 

Accurate  estimates  of  the  vibrational  constants  of  the 
ground  state  of  Lij  can  be  readily  obtained  from  the  observed 
molecular  Rydberg  states  since  these  constants  reach  their 


asymptotic  values  within  the  range  of  experlmncally  observed 

states.  This  is  illustrated  in  figure  16  by  plots  (16)  of 

vs.  1/n^  for  the  three  observed  Rydberg  series  (che  quantity  1/n2 

was  chosen  since  che  electronic  energies  of  the  Rydberg  states  arc 

2 

approximately  functions  of  1/n  ).  The  result  of  averaging  che 
eleven  values  that  lie  near  che  asymptotes  of  these  plots  is 
~#*262. 2-1 . 5  cm  l.  The  average  value  derived  from  these 
same  states  is  -<x#*1.7t0.5  cm  *.  These  values  are  in  agreement 
with  ab  initio  calculations  (SO).  An  alternate  method  of  obtaining 


the  foregoing  results  is  to  extrapolate  the  rotationless  term 


energies  of  v*>0,l,  and  2  of  the  nd"  H  states  of  Li-  and  use  the 

8  2 


* 


1 

I 

I 


90 


three  series  limits  to  calculste  end  -*  x  .  The  constants 
derived  in  this  manner  are  in  agreement  with  the  values  stated 
above  but  are  less  precise.  The  term  energies  used  to  perform 
these  extrapolations  are  presented  in  Table  20.  The  series  limits 
of  the  v*»l  and  2  levels  were  deduced  from  the  values  listed  in 
Table  21  in  the  same  manner  as  was  done  earlier  for  v*«0. 

The  extrapolations  of  the  rotational  constants  are  less 
reliable  because  of  lambda-doubling  perturbations.  However,  the 
components  of  the  od**!t^  Rydberg  series  are  likely  to  be  free 
of  such  interactions  since  the  lowest-lying  state  correlates 
with  Ll(2p)  *  Li (3d),  a  configuration  that  lies  more  than  13,000  cm  1 
above  the  highest  vibrational  level  for  which  rotational  constants 
have  been  obtained.  Perturbations  involving  states  are  also 
possible  but  are  likely  to  be  negligible  since  a  plot  of  B#  vs. 

1/n2  for  the  nd*lJI#  series  exhibits  no  significant  irregularities. 
Additional  evidence  for  the  absence  of  large  lambda-doubling 
perturbations  in  the  *11”  components  is  that  equation  (7)  i»  accurate 
to  within  twelve  percent  for  all  *71“  components  for  which  data 
are  available.  On  the  other  hand,  this  relation  is  inaccurate  by 
as  much  as  several  hundred  percent  when  applied  to  states  for  which 
substantial  lambda-doubling  interactions  are  known  to  be  present. 

The  B^  values  for  the  H*  components  of  the  nd**H^  states 

are  suemarited  in  Table  13,  and  plotted  in  figure  17.  The 

asymptotic  value  was  obtained  by  adding  one-half  of  the 

average  a  value  to  the  average  B  value  of  members  n-8-11  of  the 
e  o 
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Tabla  20. 


Bydb«rg  equation  data  (en"1  ualea)  for  tha  odirlI!  aarias. 

8 


a 

V> 

v»> 

ID) 

T2Cnl 

31868.4 

31807.6 

32032.7 

322*6.5 

a 

3536C.9 

3*299.7 

35*2v. 3 

35*»44.5 

5 

372*7.7 

37201. C 

37415. 1 

2?fr6b.  1 

6 

38460.9 

38«1C.  1 

2665c .  3 

3dOQ9 . 3 

7 

39248.6 

39200.7 

394*2.7 

39701.7 

8 

39779. C 

39732.* 

35967.3 

4C239.1 

9* 

40142.3 

4C101.9 

•0354.6 

40607.4 

to  J 

40415.6 

•0271. C 

•C625.5 

aC*45.C 

11b 

40606.6 

•056  3.7 

•C820.7 

4 1 07  a  .  a 

12 

407*9.6 

40714.6 

4C972.6 

a  1 227 . 9 

13 

40876.8 

40932. C 

41700.9 

412U7.5 

la 

40968.9 

•0523.6 

allPl.® 

41437." 

15 

41042.6 

•  C999.2 

•125to. 7 

41*11.5 

*n**  ***  of  cha  94*4  acaca  hoaogaoaouaiy  parcurbad  cha  v 

°*  tb*  10d»^l  acaca?  Tbarafora,  cha  v»0  laval  of  cha 
94*  3  scaca  had  Co  8a  flc  saparacaly  froa  cha  w-1  and  2.  all 
conitau  1  la  cad  for  cha  94r  a  and  lOd* j!  acacaa  ara  parcurbad 
axcapc  for  To(o)  of  cha  9d**3i,»eaca.  * 

bTha  laasc  sjuaraa  flc  doaa  ooc  pradlec  cha  obaarvad  low  J  laval a 
of  cha  Udw*n  acaca  accuracaly.  Tha  values  1 is cad  for  T  (a)  sad 
I2(a)  vara  obfalaad  by  fleeing  low  J  daca  only.  0 


Table  21.  Determination  of  excited  vibrational  energies 

of  the  ground  state  cf  7Lit  from  nd^H  Rydberg 
series  data.  1  * 


MtmuiiM  at  • 

*  •  • 

:*t«r*i 

tat ict  ::  j*«  »*i 

• 

• 

limit  • 

• 

i*;oim 

1 

-:.3*o  • 

1 

-3.32* 

• 

«.x<  • 

* 

3.3*1 

y 

a. as*  • 

1 

0.103 

0.121*0.332  • 

« 

3.130*3.:32 

*  <* 

11 

3.1*3*0.134  • 

*  7 

1 1 

3. 13***.::* 

•a 

1.133*3.30*  • 

i2 

i. **3:;.;;* 

u 

:. 1***0. 313  • 

13 
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«* 
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it 
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0.140*3.319  • 
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**.  1 

3*«. 

• 
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1*.  t 
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at  i 

• 

ia-i 

Hint 

at  i 

i»i*’ 

3.  ’22 

i.:*! 

• 

*jc:* 

3. ill 

3.  ;*• 

I13J1 

3.1*9 

3.300 

• 

•  2019 

3.19a 

3.  31* 

**339 

1.  190 

3.  30* 

• 

•  iO’i 

i.  :•* 

*13«* 

3.1*0 

3.303 

• 

•aoi: 

:.i7» 

i.  :*9 

•  13*9 

3.  *•* 

3.  i*3 

• 

*i:»* 

.  - .  i 

»•*• 

3.  :i* 

Oeseitst 

Uni  at 

"a  *•» 

:  •  :.i* 

*  *1393 

r.*1 

• 

• 

• 

•astltsi 

list*  or 
0,  1.,  .9; 

?  •  *.i* 

•  j;m> 

ndw^II  ttrlu.  This  procedure  cook  ad  van  tag*  of  th*  face  that 
eh*  v*0  l*v*l«  art  eh*  l*a*c  perturbed  l*v*ls  la  eh*  nd*1!^  scat**. 
Th*  asymptotic  valu*  of  «aa  obtained  by  averaging  eh*  values  of 
all  of  eh*  pur*  Rydberg  s caeca  sloe*  eh Is  conseanc  do**  not  exhibit 
aay  dlaccroabl*  dependence  on  o,  A,  or  on  eh*  amount  of  laabda- 
doubling.  Th*  results  obtained  fro*  eh*  above  procedures  are: 
B'-0.496£0.002  ca*1  and  a#-(5.2tl.9)alO*3  cm*1.  A  siasmry  of  eh* 
estimated  conseanc*  of  eh*  ground  state  of  7LIj  Is  given  In  Table  22. 

The  dissociation  snergles  of  ehs  Rydberg  seat**  of  LI,  can 
be  readily  decemlned  by  using  ehs  T#  values  listed  to  Table  9 
along  with  eh*  value  (AO)  of  0^*6521.3-4  ca  3  for  eh*  ground 
state  of  Li 2*  These  D#  values  are  listed  In  Table  23  and  plotted 
vs.  1/n3  in  figure  18  for  «aeh  of  the  observed  Rydberg  series. 

The  variation  of  D#  with  1/n3  becoaes  approximately  linear  at  large 
n.  es  expected.  The  sign  of  the  Linear  slope  la  given  by  th* 
sign  of  the  difference  between  tbs  Halting  aolecular  end  atonic 
quanto*  defects.  The  sign  of  the  slope  at  low  n  values  Is 
positive  or  negative  depending  on  idieeher  the  Rydberg  electron  Is 
bonding  or  entlbondlng,  respectively.  All  of  the  plots  io  figure 
18  correspond  eo  the  letter.  Cslng  To(*»)*A1496  ca  1  and  correcting 
for  the  difference  In  the  tero  point  vibrational  energies  of  th* 
ground  states  of  Li,  and  Lij,  th*  dissociation  energy  0^*10469*4  ca  1 
is  obtained  for  the  ground  state  of  Llj-  This  is  within  the  error 
liales  of  0^*103201200  ca*1  obtained  froo  the  best  available  ab 
initio  calculations  (30).  However,  a  recent  value  of  D^Lij 
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Table  22. 


StuBMry  of  results  derived  fro»  the  observed  Rydberg 
s cates  of  7L12* 


T0fl  •  eiebbn  e: 

ilC  i2:*)  •  10 Mut  cs'1 


Estiaated 

solecolar 

corneacts  fcc?u 

♦  2„«> 

l-  X  :  : 

2  t 

Coastaet 

Valo* 

(c«‘r| 

95*  Ccofideoce 
Lmt  |cx”lJ 

vii^er  of 

levtanei 

ei 

• 

262.2 

i.« 

4I1 

-e^s 

1.7 

C.5 

*11 

0.e96 

C.  002 

b  a 

xxlO3 

5.2 

1.9 

CH 

*The  values  given  for  •>  end  -  x  are  derived  froa  data  of  the 
8-lOsC  7-iOdC^,  end  12-I53",ln^  states. 

*The  8#  values  of  the  6-1 id*1”^  states  were  used. 

cThe  a  values  of  the  7-lOsC^Z*.  *-lOdc'l,  and  7 

states  were  used.  ® 
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Table  23.  Dissociation  energies  (ca-*)  for  the  observed  Rydberg  states  of 
Li  2. 


n 

De  (nso1Cg4’) 

De  (ndw^Jlg) 

De  (ndo^-Ej 

3 

8317 

7937 

6484 

4 

9240 

9784 

8860 

5 

9989 

10359 

9727 

6 

10381 

10498 

10387 

7 

10483 

10519 

10491 

8 

10483 

10514 

10494 

9 

10481 

10505 

10489 

10 

10480 

10499 

10484 

11 

10490 

12 

10488 

13 

10483 

14 

10480 

13 

10479 

98 


Figure  1%. 


The  diaaociacion  energy  D  ,  ee  e  function  of  1/n 

*  7 

for  the  ndc*.  Rvdberg  aerie*  of  Li^. 


figure  13c. 


Th«  dissociation  energy  u  a  function  of  1/n 
for  the  ndr1"  Rydberg  aeries  of  'Li,. 
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X^E^)«De+G(v-0)-10359i9  cm”*  obtained  by  autolonlzation  in  a 
molecular  bean  (AS)  disagrees  slightly  with  the  present  value  of 
D "10338±6  cn  The  source  of  this  discrepancy  has  not  yet  been 


identified. 


U+ 


Some  of  the  bands  in  the  upper  I  states  of  Li.  exhibit 

8  2 

intensity  anomalies  similar  to  those  reported  in  the  Rydberg 

states  of  other  diatomic  molecules  (55).  The  most  conspicuous 

of  these  occur  in  the  n>4  nso^I+^A^E+  bands.  Most  of  the  P 

8 

branches  of  these  bands  are  much  weaker  than  the  corresponding 

R  branches,  especially  at  large  J  values.  In  some  Instances,  the 

P  branch  is  completely  missing.  The  qualitative  behavior  of  these 

perturbations  is  indicative  of  a  mixing  of  *Z+  and  ^1  states  (5). 

8  g 

For  similar  perturbations  observed  in  other  diatomic  molecules, 
it  is  generally  found  that  a  weakening  of  the  P  branch  usually 
occurs  for  the  lower  energy  transition  to  one  of  two  mutually 
perturbing  AA-±1  states  (55).  This  pattern  suggests  that  the 
intensity  anomalies  found  in  the  nso^Z^-A^Z*  bands  may  be  due 
to  nsc^I^-nidiT1!!  interactions.  However,  there  are  no  corresponding 
P/R  intensity  asyusnetries  in  the  ndrr  bands  although  both  the 

P  and  the  R  branches  are  much  less  intense  than  the  Q  branch.  In 
view  of  this  complication,  no  further  attempt  was  made  to  Interpret 
the  above  anomalies. 

The  lithium  dimer  is  the  second  diatomic  molecule  for  which  a 
systematic  study  of  Rydberg  states  has  been  performed  by  OODR. 
Results  for  the  first  such  molecule,  Na^,  have  been  obtained  by 


« 


polarization-labeling  spectroscopy  (16,17),  and  by  two-step 

autoionization  in  a  supersonic  molecular  bean  (18,19).  The 

*T+  and  Rydberg  series  reported  here  correspond  to  those 
©  8 

observed  in  a  Naj  (16-18)  but  an  attempt  has  not  yet  been  made  to 
locate  the  corresponding  series  (16-19).  It  is  interesting  to 
note  that,  in  analogy  to  the  Lij  observations,  the  lowest  doubly 
excited  state  is  reported  to  be  missing  from  the  polarization-labeled 
spectrum  of  3^  (16). 

Previous  work  on  ^Li0  by  single-photon  excitation  methods  has 
failed  to  produce  a  reliable  identification  of  any  Rydberg  series. 
Although  it  has  been  suggested  (51)  that  the  and  D^H^ 

states  of  are  members  of  the  np^T!u  series,  it  now  appears 
likely  (56)  that  the  C1IIu  state  correlates  wich  Li(2s)  +  Li(3d)  or 
Li(2p)  +  Li(2p).  In  any  event,  the  experimentally  determined 
molecular  constants  for  these  states  do  not  give  accurate  extrapolations 
to  asymptotic  values. 

E.  Experimental  vs.  Theoretical  Molecular  Constants  of  Lij 

An  immediate  comparison  of  the  above  experimental  results  for 
Li^  with  the  best  theoretical  calculations  is  not  possible  since 
the  latter  are  in  the  form  of  potential  energy  data.  The  most 
convenient  way  to  obtain  such  a  comparison  is  to  use  the  method  of 
Dunham  (33)  to  convert  the  theoretical  potential  energy  data  to 
Dunham  coefficients.  This  method  is  briefly  summarized  below. 


The  effective  potential  function  of  a  vibrating  molecule  may 


be  expressed  in  the  form: 

V(r)*aoCC2+a1S3+a2S4+  .  .  .  ]  (15) 

where  5»(r-re)/re  and  the  a^  values  are  constants  that  are 

determined  by  a  leastsquares  fit  of  V(r)  vs.  £•  Dunham  has  described 

(33)  how  to  invert  Equation  (IS)  to  obtain  energy  levels  in  terms 

of  a  power  series  in  vibrational  and  rotational  quantum  numbers. 

The  litter  has  been  presented  earlier  as  Equation  (6).  Each  of 

the  coefficients  of  this  series  (l.e.,the  so-called  Dunham  coefficients) 

can  he  expressed  in  terms  of  B  .  ^  ,  and  the  a.  values;  where  B 

*  8  1  6 

and  are  given  by: 

Be-h/8ir2ur^c  (16) 


(17) 


the  latter  equation  is  obtained  from  the  harmonic  oscillator  part 
of  V(r).  Two  of  Dunham's  formulas  of  interest  in  the  present 


work  are: 


103 


3 

i 

s 
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A  number  of  terms  have  been  dropped  from  the  original  expressions 
because  they  were  found  to  be  negligible  for  Lij. 

The  above  formulas  were  tested  on  a  number  of  RKR  potentials 

of  Lij  Co  determine  what  degree  of  accuracy  could  be  expected 

for  the  Li^  computations  that  are  presented  below.  The  results 

of  these  tests  are  given  in  Table  24.  These  examples  suggest  that 

Dunham's  method  will  yield  accurate  molecular  constants  when 

applied  to  any  potential  curve  that  resembles  a  Morse  potential. 

The  large  error  in  the  j  x  value  for  the  E*T+  state  can  be  attributed 

e  e  g 

to  the  peculiar  shape  of  the  E*Z*  3tate  potential  well.  The 

© 

accuracy  of  all  other  listed  values  is  sufficient  for  the  present 
application. 

The  Li*  calculations  of  Konowalow  and  Rosenkrantz  (50)  as 
well  as  those  of  Muller  and  Jungen  (57)  were  selected  for  Dunham 
analyses  because  these  are  among  the  best  such  calculations 
available.  The  results  of  these  analyses  are  presented  in  Table 
25  along  with  the  corresponding  experimental  quantities.  The 
results  of  Konowalow  and  Rosenkrantz  are  found  to  nearly  coincide 
with  the  present  findings  while  those  of  Muller  and  Jungen  are  in 
fair  agreement.  The  concurrence  between  the  experimental  results 
and  the  calculations  of  Konowalow  and  Rosenkrantz  is  strong  evidence 
that  both  are  accurate  since  Konowalow  and  Rosenkrantz  have  produced 
similar  calculations  for  the  neutral  lithium  dimer  which  have  been 
found  to  be  accurate  to  within  a  few  percent.  An  interesting 
feature  of  these  results  is  that  Li*  has  a  weaker  force  constant 


Table  25.  Comparison  of  experimental  and  theoretical  molecular 
constants  for  the  state  of  ^Ll^*  All  units  are 


cm 


Constant 


OODR 


Ab  Initio 


Prosen  Core 


“e 

262.211.5 

261.5 

256.5 

OJ  X 

1.710.5 

1.6 

1.8 

6  € 

0.49610.002 

0.491 

0.480 

a 

• 

0.005210.0017 

0.0053 

0.0042 

0 

1046916 

103201200 

10160 

Reference  50. 
bReference  57. 
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and  longer  bond  langch  chan  Li,  even  chough  cha  nolecular  Ion 
haa  a  greater  bond  screngch  chan  Che  neucral  molecule. 


I 


« 


I 


V.  SUMMARY 


The  application  of  tha  OODR  technique  to  the  systematic  study 
of  three  Rydberg  series  of  7Lij  has  been  described.  A  detailed 
discussion  of  this  technique  has  been  given,  and  the  advantages  of 
OODR  over  conventional  spectroscopic  methods  have  been  outlined. 

Two  experimental  apparatuses  were  described:  a  nitrogen  laser 
systea  and  a  HdiYAC  laser  systea.  The  latter  included  a  Raman- 
shifting  hydrogen  cell  which  was  used  to  extend  the  tuning  range 
of  the  probe  laser  beam  into  the  near  Infrared  region.  A  computer 
data  acquisition  systea,  common  to  both  of  the  above  setups,  was 
outlined  in  detail. 


Dunham  coefficients  that  describe  at  least  the  range  v*«0-2 
were  obtained  for  twenty-nine  excited  gerade  states  of  7L1,.  One 
of  these  states  (a  state)  apparently  dissociates  to  a  doubly 
excited  atomic  configuration  while  the  others  were  identified  as 


members  of  the  nso*Z+,  ndc^Z+,  and  ndff^TI  Rydberg  series.  The 

8  8  8 


Dunham  coefficients  obtained  for  these  states  were  later  used  to 


calculate  RKR  potentials  and  Franck-Condon  factors.  Arguments 
were  presented  to  justify  all  of  the  stated  assignments  of  quantum 
numbers  to  the  observed  energy  levels,  particularly  the  vibrational. 


principal,  and  azimuthal  quantum  numbers. 

The  E1!*  state  was  discussed  at  length  because  of  its  unusual 
properties  and  the  disproportionately  extensive  data  base  that  was 
obtained  for  it.  The  experimentally-derived  molecular  constants 


of  this  state  are  in  accordance  with  theoretical  calculations  but  no 


attanpt  has  yat  baan  aada  to  characcarlza  tha  pradlctad  saeond 
alninun  In  tha  potantlal  curva  using  OODR. 


A  nuabar  of  parturbstlons  hsva  baan  dlscussad,  aost  notably 
tha  lanbda-doubllng  lntarsctlons  in  tha  high-lying  Rydbarg  ststas. 


and  tha  hoaoganaoua  intaractlona  batvaan  naarby  pairs  of  9dfflJIg  and 
10dfllHg  vibrational  lavals.  A  daparturbation  procadura  has  baan 
suceaasfully  appliad  to  tha  lattar. 


An  accurata  ionization  potantlal  for  Lij  has  baan  obtalnad  bv 
fitting  tha  tarn  anargias  of  tha  conponants  of  tha  nd”*rig  Rydbarg 
sarlas  with  tha  Rydbarg  aquation.  Tha  lass  accurata  axtrapolatlons 

of  tha  odo^I*  and  nso^Z*  tarn  anargias  confirm  tha  llari.t  obtalnad 

8  g 

for  tha  ndir^R  sarlas. 

8 

Savaral  low-ordar  Dunhan  coafflclants  hava  baan  darlvad  for  tha 
X*Ig  stata  of  U>2  by  extrapolating  tha  corraspondlng  coafflclants 
of  tha  abova  Rydbarg  sarlas.  Thasa  rasults  ara  tha  first  axparlnantally 
datarninad  nolacular  constants  for  Lij.  and  ara  found  to  ba  In  good 
agraanant  with  tha  bast  avallabla  thaoratlcal  valuas. 
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VI .  FUTURE  WORK 


An  important  unresolved  question  that  has  arisen  from  this 

work  is  whether  the  lambda-doubling  interactions  in  the 

8  8 

upper  Rydberg  states  of  Llj  are  small  enough  to  be  ignored.  The 
presence  of  large  perturbations  of  this  type  would  affect  the 

rotational  constants  of  the  nd’^H"  components  and  therebv  invalidate 

8 


the  B#  value  that  has  been  determined  for  Li^  in  this  work. 


This 


issue  could  be  resolved  by  performing  an  000R  experiment  in  which 

the  intermediate  state  is  B*H  .  This  schesw  ought  to  enable  the 

u 

nd^Ag  Rydberg  series  to  be  observed  and  thereby  permit  a  determination 
of  the  magnitudes  of  nd”l"g~ndi  interactions. 

Another  subject  for  future  investigation  is  the  experimental 
characterization  of  the  upper  part  of  the  state  potential  curve. 
OODR  excitations  to  high  vibrational  levels  of  the  E1!*  state  can 
probably  be  produced  by  pumping  Into  a  v>10  vibrational  level 
of  the  state.  However,  recent  theoretical  calculations  (36) 
reveal  that  most  of  the  experimentally  accessible 
transitions  of  this  type  lie  beyond  the  long  wavelength  limits  of 
all  available  laser  dyes  that  can  be  used  in  the  nitrogen  laser 
system.  The  best  way  to  circumvent  this  problem  would  be  to 
conduct  a  preliminary  search  for  some  high-lying  E^Z*  state  levels 
with  the  nitrogen  laser  system,  and  then  switch  to  the  less 
tractable  Raaan-shlf ting  arrangement  if  this  Initial  study  is 
productive. 


Still  another  topic  that  merits  further  study  is  the 

characterization  of  electronic  states  in  the  triplet  manifold  of 

Li^*  The  only  Information  that  is  presently  available  for 

triplet  states  of  Lij  is  that  obtained  by  ab  initio  calculations. 

An  investigation  of  the  triplet  manifold  by  OODR  awaits  the 

discovery  of  a  singlet-triplet  perturbation  in  either  the 

Intermediate  or  upper  level  of  an  OODR  excitation.  In  the 

former  case,  triplet  states  could  be  examined  using  the  same 

experimental  procedures  as  described  in  this  work.  In  the  latter 

case,  triplet-triplet  transitions  would  likely  be  observed  in  the 

dispersed  ultraviolet  fluorescence.  An  attempt  to  effect  the 

latter  process  by  exciting  perturbed  state  levels  with 

8 

c.w.  lasers  has  already  been  made,  but  without  success.  Thus, 
a  new  method  for  accessing  the  triplet  states  has  been  proposed 
which  is  based  on  the  former  process.  This  method  consists  of 
scanning  the  probe  laser  and  monitoring  a  particular  atomic  Li 
line  that  is  expected  to  result  from  the  relaxation  of  certain 
unbound  triplet  states  (e.g.  monitoring  the  610.4  nm  Li  line 
would  permit  Che  observation  of  repulsive  triplet  states  that 
correlate  with  the  Ll(2s)  +  Li (3d)  asymptote).  Even  If  this 
scheme  falls  to  yield  observations  of  triplet  states,  it  may 
permit  an  Investigation  of  unbound  singlet  states. 

So  attempt  is  planned  to  extend  the  investigation  of  the 
three  observed  gerade  Rydberg  series  of  ^Li,  to  higher  energies 
since  such  a  study  would  likely  duplicate  Che  autoionization 


s 

jl 


work  of  Eisel  and  Demtroder  chac  is  in  progress  (45).  It  is 
expected  that  a  detailed  analysis  of  the  autoionization  sp.ctra 
will  explain  the  discrepancy  between  the  ionization  potential 
for  Li.2  obtained  in  this  work  and  that  found  by  Eisel  and 
Demtroder  in  a  preliminary  analysis  (45). 
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APPENDIX  I 


I 


I 


Assigned  spectral  lines  for  the  Rydberg  states  of  Li.,. 
The  following  is  a  listing  of  all  OODR  spectral 
lines  observed  while  pumping  the  v,*0,l,2,  and  4 


levels  of  the  A^E+  state  of  ^L^  and  scanning  the 
range  530-370  nm  with  a  probe  dye  laser.  A  separate 


state  that  was  observed.  The  tabulated  frequencies 
are  those  of  the  probe  laser,  and  the  quantum  numbers 


refer  to  transitions  from  the  A  Z  state  to  the  high- 
lying  electronic  states.  The  column  entitled  "DEV" 
specifies  the  difference  between  each  observed 
frequency,  "OBS  FREQ,"  and  the  corresponding  frequency 
calculated  from  Dunham  coefficients.  Listings  of  all 
observed  transitions  that  were  not  used  in  the  final 
Dunham  fits  are  presented  on  the  last  three  pages. 

Data  for  the  IT”  and  II+  components  of  each  7-lldr^n 
state  are  listed  separately  since  they  were  fitted® 
with  separate  sets  of  Dunham  coefficients. 
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V  0  .  o  ) 

?(32) 

24347.95 

0.0  7 

* 

(2.2) 

?  (3  6) 

24330.27 

-0.  10 

V  o  I  X  ) 

2(3-) 

2-3-4. 94 

0.  22 

* 

(2.2) 

3  (3  o ) 

24363.24 

J.  05 

;  o ,  o) 

2(Jo, 

24341. 75 

0.02 

* 

(2.2) 

6(36) 

2-396. 76 

-0.07 

(o.O) 

2  (3d ) 

24356. o j 

0.04 

• 

(2.2) 

?(33) 

2  4327. 25 

-0.03 

V  o  ,  J  ) 

P(-u) 

2  433  5 . -6 

6.02 

0 

(2.2) 

3  (36  > 

243 ol. r: 

-0.  07 

V-.Vi) 

2(42) 

24332. 21 

-0.  J6 

0 

(2.2) 

P  (  4  0  ) 

24324. 19 

0.03 

;  j  ,  J  ) 

2(4- J 

24329. 09 

-0. 01 

0 

(2.2) 

0(40) 

2  4  3  oU  .  27 

-0 . 04 

V  o  ,  J  ) 

2  (  -  o  > 

24325.65 

-0.03 

0 

(2.2) 

P(42) 

24321.21 

vi.  10 

t : .  - ) 

2(ld) 

2-012.00 

0. 10 

* 

(2.2) 

3(42) 

243  56.  70 

-0.09 

v  < .  - ) 

2(20) 

2  *  oO  9 . 62 

0 .  le 

• 

(2.2) 

P  (--  / 

2-317.0 9 

3 . 06 

a  (22  ) 

2  -  60  o  .  3  0 

0.05 

• 

(3,2) 

0(24) 

24607. 23 

3.13 

a ,  - ; 

2(2-) 

-  —  —  03.  .  - 

0. 21 

* 

(3,2) 

3(26) 

24605.59 

3.38 

a  >  0  ) 

2(26) 

24599. 50 

-0  •  0- 

0 

(3.2) 

3(28) 

24603. 92 

0.07 

a.o> 

2  ( 2  i  ) 

24596.05 

0. 0 

0 

(3,2) 

?  ( 3  0  ) 

24574. 37 

-3.  34 

a .  o ) 

2(33) 

24592. 52 

0.  05 

* 

(3.2) 

3(30) 

2-002. 07 

0  •  sj  L 

v  *  >  * ) 

•<(  2) 

2  4  3  65 . 6  5 

0.17 

* 

(3.2) 

?  ( 3  2  ) 

24573. 73 

-0.37 

a .  * ) 

<(  -) 

24)07.50 

0  .  Ou 

• 

(3.2) 

0(32) 

2  - oOO .26 

— 3 .  1  u 

v  a  - ) 

..(  o) 

243o>.  1- 

0 .06 

• 

(3,2) 

?(34, 

2-567. 01 

-3.39 

vi.a 

2  (  3) 

24374.54 

0.0  9 

0 

(3.2) 

3(3-) 

2  4598 . 21 

0.35 

a  a ) 

2(  )> 

242  ,0. 74 

0.07 

0 

(3,2) 

?(36) 

24563. 71 

3.09 

a  a  > 

2(1-/ 

24372.29 

0.  06 

• 

(3,2) 

a  3  o } 

2  45  )6  .  a 

3.04 

a.-> 

2  (  1  o  ) 

2  -3  92  .  2  j 

-0.05 

• 

(2.2) 

?(J3) 

-  «  :  5  9 .  /  — 

J.06 

a  a  > 

2  a  a 

2  »  3  j  )  .  7  '0 

-j.  20 

• 

(3.2) 

0(36) 

2  4j  -,‘3  .  9- 

'3  •  -  0 

V  »  »  *  / 

..(..j 

.-3  j3  .  ■- j 

1  •  *  1 

0 

(3.2) 

?  (  4  0  ) 

2  4 5  5o.  25 

0 . 22 

V  •  1  •  ) 

2d-; 

2  «  3  o  7 .  3 1 

J  •  J  5 

0 

(J.2; 

3(»0) 

24531.-1 

-J  .  1  5 

aa> 

2(13) 

2  —  3  o  -  .  7  J 

0. 02 

0 

(4.  .) 

(’(24) 

.-336. 23 

-3  .  31 

aa> 

.<  a  3  j 

2-5  ?  o . 03 

J.  j 

* 

(  »  ,  -  ) 

?  (  2  6  ) 

2  43  3  3  .  19 

-3.27 

1 1  a ) 

Mi) 

24362.22 

0.  32 

0 

(  -  ,  *  ) 

?  (  2  3  ) 

.-33  0.  ;o 

-4.-6 

a  a  > 

2(2-0) 

24359.42 

>  •  v* 

0 

(4,4) 

.'v  (22; 

2  43  o2 .  12 

3.02 

baud 

ROT 

LINE 

08S  FREQ 
( CM- 1 ) 

DEV 

(0,0) 

Q(  4) 

25179.72 

-0.17 

(0.0) 

0(18) 

25178.19 

0.17 

(1.1) 

0(10) 

25178.73 

0.14 

(1.1) 

Q(22) 

25176.28 

-0.09 

band 

ROT 

LINE 

OBS  FREQ 
( CM- 1 ) 

DEV 

(0.0) 

Q(  4) 

25711  .37 

-0.05 

(0.0) 

0(  18) 

25710.85 

0.05 

(l.i) 

0(  10) 

25713.63 

-0.0  7 

(l.D 

0(22) 

25713.38 

0.12 

BAND 

ROT 

LINE 

OBS  FREQ 
( CM- 1 ) 

DEV 

(0  .0) 

Q(  4) 

26081.33 

0.0 

(0.0) 

0(  18) 

26080.87 

0.0 

(l.l) 

Q(  10) 

26082.03 

0.0 

(1.1) 

0(22) 

26082.08 

0.0 

104  pi 


BAND 

ROT 

LINE 

OBS  FREQ 
( CM- 1 ) 

DEV 

(0.0) 

0(  4) 

26350.95 

-0.10 

(0.0) 

0(18) 

26350.49 

0.10 

(l.l) 

0(10) 

26358.57 

0.16 

BAND 

ROT 

LINE 

OBS  FREQ 
(  CM- 1  ) 

DEV 

(0.0) 

0(  4) 

26543  .06 

-0.03 

(0.0) 

C(  18) 

26543.08 

0.03 

(l.l) 

0(  10) 

26547.64 

0.05 

BAND 

ROT 

LINE 

OBS  FREQ 
( CM- l ) 

DEV 

(1.1) 

Q(  40 ) 

25170.59 

-0.05 

(2.2) 

Q(  8) 

25178.81 

-0.01 

(2.2) 

0(20) 

25176.83 

-0.02 

(2.2) 

0(46) 

25168 .05 

0  .03 

8d  pl- 


BAND 

ROT 

LINE 

OBS  FREO 
( CM- 1 ) 

DEV 

(1,1) 

0(40) 

25712.44 

-0.0  5 

(2,2) 

Q(  8) 

25716 .75 

0.09 

(2.2) 

0(20) 

25716.38 

-0.11 

(2.2) 

Q(46) 

25716.35 

0.03 

94  pl- 


band 

ROT 

LINE 

OBS  FREO 
( CM- 1 ) 

DEV 

(l.l) 

0(40) 

26082.83 

0.0 

(2.2) 

0(  8) 

26085  .05 

0.0 

(2.2) 

0(20) 

26085.57 

0.0 

BAND 

ROT 

LINE 

OBS  FREO 
( CM- 1 ) 

DEV 

(l.l) 

0(22) 

26356.81 

-0.16 

(2.2) 

Q<  8) 

26365.48 

-0-09 

(2.2) 

0(20) 

26363.79 

0.09 

114  pi- 


BAND 

ROT 

LINE 

OBS  FREO 
( CM- l ) 

DEV 

(l.l) 

0(22) 

26548  .  .0 

-0.05 

(2.2) 

0(  8) 

26552.58 

-0.03 

(2.2) 

0(20) 

26553.64 

0.03 
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BAN  'l 

ROT 

LINE 

088  FREQ 
(CN-1 ) 

OEV 

• 

* 

4 

BAND 

ROT 

LINE 

OBS  FREQ 

C  CM- 1 ) 

OEV 

(0.0) 

«(  4) 

25183.98 

0.24 

• 

(l.l) 

P(  20  ) 

25152.28 

-0.13 

(0.0) 

*(  6) 

25185.18 

0.06 

* 

(l.l) 

R(  20) 

25190.74 

0.0 

(0.0) 

P(  8) 

25170. 56 

0.26 

• 

(1.1) 

P(  22 ) 

25149.20 

-0.04 

(0.0) 

R(  8) 

25186.4) 

0.12 

• 

(l.l) 

P(24) 

25146.10 

0.02 

(0.0) 

P(  10) 

25167.59 

0.01 

• 

(1.1) 

P(  26  ) 

25142.95 

0.0 

(0.0) 

R(  10 ) 

25187.14 

-0.01 

• 

(1.1) 

*(  26 ) 

25192.56 

0.09 

(0,0) 

PC  1 2  ) 

25164.61 

-0.06 

• 

(1.1) 

P(  28) 

25119.95 

0.08 

(0,0) 

P(14) 

25161.58 

-0.11 

• 

(l.l) 

R(  28) 

25193.06 

-0.02 

(0.0) 

P(16) 

25158. 4S 

-0.15 

* 

(l.l) 

POO) 

25136.94 

0.10 

(0.0) 

?(  18) 

25155.14 

-0.10 

• 

(l.l) 

R(  30) 

25193.74 

0.02 

(0,0) 

PCO) 

25152.08 

-0.15 

• 

(l.l) 

P(  32 ) 

25113.96 

0.08 

(0.0) 

P(  22 ) 

25148.91 

-0.08 

• 

(l.l) 

R(  32) 

25194.42 

0.02 

(0.0) 

?(24) 

2S14S.75 

-0.01 

• 

(l.l) 

P(34) 

25131.06 

0.05 

(0,0) 

P(  2 6 ) 

25142.56 

-0.01 

• 

(l.l) 

R(  34) 

25195.13 

0.02 

(0,0) 

P(  28) 

25119.48 

0.05 

• 

(i.l) 

P(  36 ) 

25128.29 

0.08 

(0,0) 

POO) 

25116.40 

0.06 

• 

(l.l) 

R(  36) 

25195.79 

-0.06 

(0.0) 

P(32) 

25131.40 

0.09 

• 

(l.l) 

?(  38) 

25125.-2 

-0.07 

(0.0) 

P(34) 

25110.19 

0.01 

• 

(l.l) 

P  (  40  ) 

25122.79 

-0.05 

(0.0) 

P(16) 

25127.51 

0.04 

• 

(l.l) 

P(42) 

25120.20 

-0.06 

(0.0) 

P(38) 

25124.64 

-0.05 

* 

(1.1) 

P(  4  4  ) 

25117.72 

-0.02 

(0.0) 

P(  40) 

25121.90 

-0.07 

• 

(1.1) 

P(46) 

25115.20 

-0.08 

(0.0) 

P(  4  2  ) 

25119.17 

-0.15 

• 

(1.1) 

p(48) 

25112.91 

0.03 

(0.0) 

0(44) 

25116.68 

-0.04 

* 

(1.1) 

PC  SO ) 

25110.64 

0.08 

(0.0) 

P(  46  ) 

25114.09 

-0.10 

• 

(1.1) 

P(  52 ) 

25108.56 

0.21 

(0.0) 

P(  48  ) 

25111.70 

-0.02 

* 

(2.2) 

R(  2) 

25191.91 

0.12 

(0.0) 

R(48) 

25200.14 

-0.07 

• 

(2.2) 

P(  4) 

25175.15 

*•.11 

(0.0) 

P(50) 

25109.41 

0.09 

• 

(2.2) 

R{  4) 

251*3.40 

0 . 07 

(0.0) 

3C50) 

25201.06 

-0.20 

• 

(2.2) 

P(  6) 

25172.69 

-0 .01 

(U.0) 

P(  52) 

25107.17 

0. 11 

• 

(2.2) 

P(  8) 

25170.12 

-0.0  7 

(0.0) 

R  (  3  2 ) 

25202.21 

0.02 

• 

(2.2) 

R(  10) 

25186.74 

-0.16 

(0.0) 

P(54) 

25105.08 

0. 13 

• 

(2.2) 

P(  12) 

25164.65 

-0.09 

(0.0) 

R(54) 

25201.50 

0.16 

• 

(2.2) 

R(  12) 

25187.76 

-0.06 

(0.0) 

P(  J6) 

25101.06 

-0.02 

• 

(2.2) 

PC  l  4  ) 

25161.74 

-0.09 

(0.0) 

ROB) 

25204.97 

0.21 

• 

(2,2) 

R(14) 

25188.41 

-0.21 

(0.0) 

R(  58  ) 

25206.19 

-0.26 

• 

(2.2) 

PC  16  ) 

25158.69 

-0.15 

(1.1) 

S(  2) 

25182.18 

0.23 

• 

(2.2) 

RC  16) 

25189.23 

-0.11 

(i.l) 

R(  4) 

25183.61 

0.15 

• 

(2.2) 

PC  18) 

25155.72 

-0.06 

(1.1) 

R(  6) 

25185.06 

0.22 

• 

(2.2) 

PC  20) 

25152.68 

-0.01 

( i ,: ) 

P(  8) 

25170.41 

0.25 

• 

(2.2) 

PC  22) 

25149.60 

0.02 

(l.l) 

R<  8) 

25185.96 

-0.07 

• 

(2.2) 

PC  24 ) 

25146.58 

0.10 

(1.1) 

POO) 

25167.52 

0.03 

• 

(2.2) 

P(  26 ) 

25141.60 

0.19 

(1.1) 

SOO) 

25186.97 

-0.10 

• 

(2.2) 

P(  28 ) 

25140.59 

0.20 

(l.l) 

P(  12) 

25164.35 

-0.10 

• 

(2.2) 

PC  30) 

25137.65 

0.22 

(1.1) 

R(  12) 

25187.76 

-0.22 

• 

(2.2) 

R(  30) 

25193.76 

0.05 

(l.l) 

P  (  1  4  ) 

25161.51 

-0.19 

• 

(2.2) 

P(  32) 

25134.78 

0.24 

(1.1) 

R(  14) 

25198.57 

-0.21 

• 

(2.2) 

PC  34) 

25131.93 

0.20 

(l.l) 

P(  16) 

25158.50 

-0.16 

• 

(2.2) 

PC  36) 

25129.15 

0.15 

(l.l) 

P(  18) 

25155.17 

-0.19 

• 

(2.2) 

PC  38 ) 

25126.35 

0.0 

SANS 

SOT 

LISE 

OSS  FREO 

(c«-n 

OEV 

• 

• 

• 

BAND 

ROT 

LISE 

OBS  FREO 
( CM- 1 ) 

CEV 

c.:) 

(2.:) 

(2.:) 

P(*0) 
P<*2) 
P(4-  ) 

23123.63 
25121.2* 
231  IS  .61 

-0.1* 

-0.02 

-0.20 

* 

• 

• 

(2.2) 

(2.2) 

(2.2) 

?(  *6) 
P(*8) 

P(  50 ) 

25118.30 
2311*. 0* 
25111 .70 

-0.  1  l 
-0.0* 
-0.13 

153 


8d  pi* 


BAND 

ROT 

OBS  FREO 

DEV 

* 

BAND 

ROT 

OBS  FREO 

DEV 

LISE 

(CM-1) 

* 

* 

LINE 

(CM-1 ) 

(0.0) 

P(  4) 

25707.11 

0.04 

ft 

(1.1) 

P  (  4  0  ) 

25660.23 

0.03 

(0.0) 

P(  6) 

23704.66 

0.10 

* 

(1.1) 

R(  40 ) 

23735.18 

-0.21 

(0,0) 

p(  8) 

25701.63 

-0.21 

* 

(1.1) 

?(42) 

25658.15 

-0. 11 

(0.0) 

PCD 

23679 .37 

-0.3  3 

ft 

(1.1) 

R(42) 

25737.01 

0.18 

(0,0) 

P(  2  4 ) 

23676.46 

-0.09 

* 

(l.l) 

P  (  4  4  ) 

25656.35 

-0.03 

(0.0) 

P(  2 6 ) 

25673.36 

0.06 

• 

(2.2) 

R(  2) 

25719.37 

0.25 

(0.0) 

P(  28 ) 

23670.76 

0.18 

* 

(2.2) 

R(  4) 

25720.58 

0.02 

(0.0) 

POO) 

25668.00 

0.20 

ft 

(2.2) 

P(  8) 

23709.89 

-0.04 

(0,0) 

P(  32 ) 

25665.30 

0.15 

ft 

(2,2) 

R(  8) 

23721.65 

-0.14 

(0.0) 

R(  32 ) 

25726.79 

0.04 

* 

(2.2) 

P(  8) 

25707.21 

-0.09 

(0.0) 

P(34) 

25662.79 

0.14 

* 

(2.2) 

R(  8) 

25722.64 

-0.21 

(0,0) 

R(  34) 

25727.92 

0.01 

* 

(2.2) 

P(  10) 

25704.41 

-0.11 

(0.0) 

P(  36 ) 

23660.25 

-0.02 

* 

(2.2) 

P(  12) 

25701 . 58 

-0.01 

(0,0) 

R  (  3  6 ) 

25729.13 

-0.02 

* 

(2.2) 

R(  12) 

25724.73 

0.18 

(0.0) 

P(  38 ) 

25657.94 

-0.06 

* 

(2,2) 

?(  14) 

25698.85 

0.28 

(0,0) 

3(38) 

25730.39 

-0.0  3 

* 

(2.2) 

R(  14) 

25725.78 

0.51 

(0.0) 

?  (  4  0  ) 

23655.79 

-0.03 

ft 

(2,2) 

?(  16) 

2S696.06 

0.58 

(0.0) 

?(42) 

25653.71 

0.0 

• 

(2,2) 

R(  20) 

25726.82 

-0.48 

(0.0) 

R  (  4  2 ) 

25732.85 

-0.19 

* 

(2.2) 

P(  22 ) 

25685.87 

-0.40 

(0.0) 

P(  44) 

25651.74 

0.06 

* 

(2.2) 

P(24) 

25683.12 

-0.21 

(1.1) 

P(  4) 

25709.68 

0.07 

ft 

(-  .2) 

P(  26  ) 

25680.45 

-0.06 

(1,1) 

R(  4) 

25717.87 

-0.03 

• 

(2.2) 

R(  26 ) 

25729.62 

-0.23 

(1.1) 

P(  6) 

23707.29 

0.15 

• 

(2.2) 

PCS) 

25677.88 

0.05 

( i . : ) 

R(  6) 

23718.97 

-0.16 

• 

(2.2) 

R(-28) 

25730.92 

0.01 

(1.1) 

P(  8) 

25704.50 

0.03 

ft 

(2,2) 

P(  30) 

25675.28 

-0.02 

(1.1) 

R(  a) 

25719.99 

-0 .18 

* 

(2,2) 

R(  30) 

25732.06 

-0.03 

( l.l) 

P(  10) 

25701.38 

-0.05 

• 

(2,2) 

P(  32 ) 

25672.89 

-0.03 

( l .  1 ) 

P(  12) 

25698.49 

-0.15 

• 

(2,2) 

R(  32) 

25733.41 

0.04 

(1,1) 

P(  14) 

25695.60 

0.05 

ft 

(2.2) 

P(34) 

25670.69 

0.01 

(1,1) 

R(  20 ) 

23724.39 

0.0 

• 

(2,2) 

P(  3 6 ) 

25668.47 

-0.12 

(1.1) 

?(  2  2 ) 

25682.73 

-0.17 

* 

(2.2) 

P(  38  ) 

25666.29 

-0.3  2 

(l.l) 

P(  2 4  ) 

25679.84 

-0.01 

• 

(2.2) 

P(  40 ) 

25664.92 

0.1? 

(1.1) 

?(  28 ) 

25677.01 

0.09 

ft 

(2.2) 

R(  40) 

25739.1? 

-0.02 

(l.l) 

P(  23) 

25674.30 

0 .18 

• 

(2.2) 

P(  4  2  5 

25662.94 

o.o 

(l.l) 

R(  23 ) 

25727.98 

0.28 

• 

(2,2) 

R(  4 2  ) 

25740.83 

0.06 

(1.1) 

P(  30) 

2567  1  .6  1 

0.15 

ft 

(2,2) 

?(44) 

2566  1 .30 

0.08 

(l.l) 

P(  3  2 ) 

25669. 18 

0.23 

* 

(2,2) 

R  (  4  4  ) 

25742.56 

0.21 

(1.1) 

P(34) 

25666.69 

0 . 10 

• 

(2.2) 

P(46) 

25659.64 

0.06 

(1.1) 

?(  36) 

25664.29 

-0.06 

ft 

(2,2) 

?(46) 

25744.05 

0.04 

(1,1) 

».(  38) 

25732.50 

-0.C9 

ft 

(2.2) 

?(4A) 

25658.21 

0.14 

(1.1) 

P(  38) 

25662.21 

-0.02 

ft 

(2.2) 

P(  50 ) 

25656.57 

-0.19 

(l.l) 

R(  28) 

25733.71 

-0 .27 

ft 

< 


9d  p i+ 


SAND 

ROT 

OBS  FREO 

DEV 

* 

BAND 

ROT 

OBS  FREO 

DEV 

LINE 

(CM-t) 

ft 

ft 

LINE 

(CM-1) 

(o.o) 

P(  16) 

26058.65 

0.96 

ft 

(l.l) 

R(  3  2 ) 

26105.47 

0.07 

(0,0) 

P(  18) 

26055.61 

0.52 

ft 

(1.1) 

P(34) 

26041.95 

-0.06 

(0.0) 

P(  20) 

26052.62 

0.14 

ft 

(1.1) 

R(  34) 

26106.73 

-0.18 

(0,0) 

P(  22) 

26049.81 

-0.0  5 

ft 

(1.1) 

P(  36 ) 

26039.92 

-0.09 

(0,0) 

P(24) 

26047.00 

-0.26 

ft 

(t.l) 

R(  36 ) 

26108.29 

-0.18 

(0,0) 

P(26) 

26044.35 

-0.34 

ft 

(1.1) 

P(  38) 

26038.10 

-0.01 

(0.0) 

R(26) 

26094.90 

-0.46 

ft 

(l.l) 

R(  38) 

26110.02 

-0.05 

(0,0) 

P(  28 ) 

26041.78 

-0.39 

ft 

(1.1) 

P(  40  ) 

26036.36 

0.06 

(0.0) 

?.(28) 

26096.27 

-0.30 

ft 

(l.l) 

P(  4  2  ) 

26034.80 

0.23 

(0.0) 

POO) 

26039.40 

-0.30 

ft 

(1.1) 

?(  44) 

26033.14 

0.22 

(0.0) 

R(  30) 

26097.57 

-0.24 

ft 

(2.2) 

R(  4) 

26089.59 

-0.16 

(0.0) 

P(  32) 

26037.11 

-0.20 

ft 

(2,2) 

P(  6) 

26078.91 

-0.21 

(0,0) 

R(  3  2 ) 

26098.87 

-0.22 

ft 

(2.2) 

R(  6) 

26091 .27 

-0.17 

(0,0) 

?(  34) 

26034.93 

-0.06 

ft 

(2.2) 

?(  9) 

26076.76 

-0.19 

(0.0) 

R  (  3  4) 

26100.33 

-0.08 

ft 

(2.2) 

R(  3) 

26092.69 

-0.3  7 

(0,0) 

°(36) 

26032.81 

0.05 

ft 

(2.2) 

?(  10) 

26074 .20 

-0.52 

(0,0) 

R  (  3  6  ) 

26101.89 

0. 11 

ft 

(2.2) 

3(10) 

26094 . 20 

-«.4  1 

(0,0) 

?.  (  3  8 ) 

26103.52 

0.24 

ft 

(2.2) 

P(  12) 

26072.23 

-0.22 

(  0 . 0  ) 

R(40) 

26105.33 

0.73 

ft 

(2.2) 

3(  12) 

26095.97 

-0.15 

( t.l) 

?(  4) 

26077.43 

0.37 

ft 

(2.2) 

P(  14) 

26069.96 

-o.  17 

(1.1) 

R  (  4  ) 

26095.80 

0.14 

ft 

(2.2) 

3(14) 

26097.52 

-0.06 

(1.1) 

?(  6) 

26075.19 

0.29 

ft 

(2,2) 

P(  16) 

26067 .79 

-0.01 

(1,1) 

R(  6) 

26087.38 

0.06 

ft 

(2.2) 

R(  1 6 ) 

26099.15 

0.14 

(1.1) 

P(  8) 

26072.87 

0.20 

ft 

(2.2) 

P(18) 

26065.42 

-0.03 

(1.1) 

R(  8) 

26089.08 

0.17 

ft 

(2.2) 

*(18) 

26100.69 

0.27 

(1.1) 

POO) 

26070.59 

0.22 

ft 

(2,2) 

?(  20 ) 

26063.63 

0.51 

(1.1) 

R(  10) 

26090.43 

0.01 

ft 

(2,2) 

R (  20 ) 

26102.17 

0.34 

(1.1) 

P  ( 1 2 ) 

26068.02 

0.02 

ft 

(2.2) 

P(  22 ) 

26061.17 

0.37 

( l.l) 

R(  1 2  ) 

26091.78 

-0.08 

ft 

(2.2) 

P(24) 

26058.97 

0.45 

(1.1) 

P(  14) 

26065.37 

-0.22 

ft 

(2.2) 

P(  26) 

26056.63 

0.33 

(l.l) 

R(  14) 

26093.13 

-0.13 

ft 

(2.2) 

R(  26 ) 

26106.17 

0.01 

(l.l) 

P(  16) 

26063.15 

0.01 

ft 

(2,2) 

P(  28  ) 

26054.43 

0.29 

(l.l) 

R(  1 6 ) 

26094.45 

-0.15 

ft 

(2,2) 

P(30) 

26052.57 

0.51 

(1.1) 

P(18) 

26060.52 

-0.15 

ft 

(2.2) 

P(  32 ) 

26050.32 

0.24 

(l.l) 

R(  18) 

26095.81 

-0.11 

ft 

(2,2) 

P(  34  ) 

26048.48 

0.28 

(1,1) 

POO) 

26058.04 

-0.16 

ft 

(2,2) 

P(  36 ) 

26046.42 

0.0 

(1,1) 

P(  2 2 ) 

26055.63 

-0. 10 

ft 

(2,2) 

P(  38) 

26044.72 

-0.03 

(l.l) 

P(  24 ) 

26053.14 

-0.16 

ft 

(2,2) 

P  (  4  0  ) 

26043.00 

-0.18 

(1.1) 

P(  2  6 ) 

26050.70 

-0.20 

ft 

(2.2) 

P(  4  2  ) 

26041.52 

-0.18 

(t.l) 

?(  2 8 ) 

26048.53 

-0.0  3 

ft 

(2,2) 

P  (  4  4  ) 

26039.84 

-0.4  7 

(1.1) 

F (  30) 

26046.33 

0.04 

ft 

(2.2) 

P  (  4  6  ) 

26038.78 

-0.19 

(  I  •  *  ) 

R(  30) 

26103.92 

-0.3  2 

ft 

(2,2) 

3(46) 

26123.56 

-0.02 

(1,1) 

?(  32) 

26044.08 

-0.03 

ft 
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lOd  pi-*- 


SAND 

SOT 

LINE 

OSS  FREQ 
( CM- 1 ) 

DEV 

* 

* 

* 

SAND 

ROT 

LINE 

OBS  FREO 
( CM- l ) 

DEV 

(0.0) 

P(  4) 

26346.20 

1.48 

* 

(1.1) 

P(  2  4  ) 

26320.66 

0.29 

(0.0) 

P(  8) 

26339.26 

0.18 

* 

(1.1) 

P(  26 ) 

26318.20 

0.20 

(0,0) 

P(  10) 

26335.47 

-0.44 

* 

(l  .1) 

R(  26) 

26368.76 

0.27 

(0.0) 

P(  U) 

26328.58 

-0.61 

• 

(1.1) 

P(  28 ) 

26315.99 

0.11 

(0.0) 

P(  16) 

26325.22 

-0.58 

* 

(1.1) 

?(30) 

26313.82 

-0.15 

(0.0) 

?(  18) 

26322.17 

-0.31 

* 

(1.1) 

R(  30) 

26371.69 

-0.29 

(0,0) 

R(  18) 

26357.21 

-0.24 

* 

(1.1) 

P(  32 ) 

26311.90 

-0.2  4 

(0,0) 

P(20) 

26319.25 

-0.05 

• 

(1,1) 

P(  3 4 ) 

26310.34 

0.11 

(0,0) 

P(22) 

26316.53 

0.19 

* 

(2.2) 

P(  6) 

26354.97 

0.13 

(0,0) 

S  ( 2  2  ) 

26359.60 

0.23 

* 

(2,2) 

P(  8) 

26352.06 

0.10 

(0,0) 

P  <  2  4  ) 

26313.81 

0.18 

* 

(2.2) 

R(  8) 

26366.82 

-0.38 

(0,0) 

P(  26 ) 

26311.11 

-0.0  8 

* 

(2,2) 

POO) 

26348.69 

-0.18 

(0,0) 

8(26) 

26362.32 

0.12 

* 

(2.2) 

P(  1  2) 

26345.20 

-0.44 

(0,0) 

P(  28) 

26309.02 

0.02 

ft 

(2.2) 

P(  1  6  ) 

26338.94 

-0.10 

(0.0) 

8(28) 

26363.79 

-0.10 

* 

(2.2) 

P(  18) 

26335.78 

-0.0  5 

(0,0) 

?(30) 

26306.83 

-0.19 

• 

(2.2) 

POO) 

26333.04 

0.27 

(0,0) 

R(  3 0 ) 

26365.56 

-0.07 

* 

(2.2) 

8(20) 

26371.29 

0.33 

(0,0) 

P(  3  2 ) 

26304.96 

-0.16 

• 

(2.2) 

P(  22 ) 

26330.37 

0.43 

(0.0) 

8(32) 

26367.15 

-0.09 

ft 

(2.2) 

P(  24 ) 

26327.62 

0.28 

(0,0) 

P(34) 

26303.01 

-0.13 

* 

(2.2) 

8(24) 

26373.64 

0.22 

(0.0) 

8(34) 

26369.10 

0.62 

* 

(2.2) 

P(  26 ) 

26325.11 

0.08 

(1.1) 

P(10) 

26342-42 

0.16 

* 

(2.2) 

8(26) 

26375.07 

0.07 

(1.1) 

8(10) 

26361.36 

-0.04 

ft 

(2.2) 

P(  28 ) 

26323.06 

0.08 

(1.1) 

P(12) 

26338.72 

-0.27 

ft 

(2.2) 

8(28) 

26376.58 

-0.17 

( 1.1 ) 

P  (  1  4  ) 

26335.33 

-0.31 

ft 

(2.2) 

P(  30) 

26320.97 

-0.16 

(1.1) 

?(  18) 

26323.95 

-0.08 

ft 

(2.2) 

8(30) 

26378.27 

-0.27 

(1.1) 

(1.1) 

?(  20) 

P(  2  2 ) 

26325.97 

26323.20 

0.05 

0.18 

ft 

ft 

(2.2) 

P(  32) 

26319.12 

-0.25 
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lid  pi+ 


BAND 

ROT 

OBS  PREO 

DEV 

* 

BAND 

ROT 

OBS  FREQ 

DEV 

LINE 

(CJ1-1) 

* 

LINE 

( CM- 1 ) 

(0.0) 

P(  10) 

26530.26 

0.50 

• 

(1.1) 

P(  14  ) 

26531.31 

-0.04 

(0.0) 

P(  12) 

26527  .41 

0.16 

* 

(1.1) 

P(  1 6 ) 

26528.76 

-0.10 

(0.0) 

P(  14) 

26524.59' 

-0.10 

* 

(1,1) 

P(  18) 

26526.24 

-0.14 

(0.0) 

P(  16) 

26521.78 

-0.32 

* 

(1.1) 

P(  20) 

26523.97 

0.01 

(0.0) 

R(  16) 

26553.70 

-0.13 

• 

(1.1) 

R(  20 ) 

26563.16 

0.05 

(0.0) 

P(  18) 

26519 .20 

-0.32 

* 

(l.l) 

P(  22 ) 

26521  .68 

0.06 

(0.0) 

R(  18 ) 

26554.95 

-0.18 

• 

(1.1) 

R(  22 ) 

26564.65 

0.01 

(0.0) 

P(  20 ) 

26516.76 

-0.22 

* 

(1,1) 

P(  24  ) 

26519.46 

0.07 

(0.0) 

R(  20) 

26556.50 

0.02 

* 

(1.1) 

R(  24  ) 

26566.32 

0.0 

(0.0) 

P(  22) 

26514.49 

-0.03 

* 

(1.1) 

P(  26  ) 

26517.37 

-0.01 

(0.0) 

R(  22) 

26558.05 

0.13 

ft 

(1,1) 

R(  26  ) 

26568.13 

-0.0  5 

(0.0) 

P(24) 

26512.12 

-0.06 

ft 

(1.1) 

P(  28 ) 

26515.32 

-0.25 

(0.0) 

R(24) 

26559.61 

0.12 

* 

(2,2) 

P(  8) 

26544.63 

-0.46 

(0.0) 

P(  26 ) 

26510.08 

0.07 

ft 

(2.2) 

P(10) 

26542.74 

-0.03 

(0.0) 

R  (  2  6 ) 

26561.50 

0.26 

* 

(2.2) 

P(  1 2  ) 

26540.35 

-0.06 

(0.0) 

?(  28 ) 

26508.08 

0.03 

* 

(2.2) 

P(l4) 

26537.98 

-0.0  3 

(0.0) 

R(  28  ) 

26563.39 

0-16 

ft 

(2.2) 

P(16) 

26535.60 

-0.01 

(0.0) 

R(  30) 

26565.39 

-0. 1  l 

ft 

(2.2) 

P(  1 8 ) 

26533.39 

0.15 

(l.l) 

R(  4) 

26551.75 

0.05 

ft 

(2.2) 

P(  20  ) 

26531.11 

0.19 

(1.1) 

P(  6) 

26541.11 

0.17 

ft 

(2.2) 

R(20) 

26569.91 

0.17 

(1.1) 

R(  6) 

26553.31 

0.01 

ft 

(2.2) 

P(22) 

26528.92 

0.22 

(1.1) 

P(  8) 

26538.80 

0.15 

ft 

(2.2) 

P(24) 

26526.90 

0.28 

(l.l) 

R(  8) 

26554.83 

0.02 

ft 

(2.2) 

R(  2* ) 

26573.07 

-0.05 

(1.1) 

P(10) 

26536.31 

0  .04 

ft 

(2.2) 

P(  26 ) 

26524.69 

-0.04 

(1.1) 

R(  1 0 ) 

26556.22 

-0.03 

ft 

(2.2) 

R(26) 

26574.76 

-0.33 

(l.l) 

P(  1 2 ) 

26533.32 

-0.01 

ft 
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1 2  d  pi 


SAND 

ROT 

LIME 

OBS  FREQ 

(ca-i ) 

(  0,0) 
(1,1) 
(2.2) 

<500 

0(20) 

0(20) 

26693  04 
26700. 13 
26706.66 

Ud  pi 

SAND 

ROT 

LISE 

OBS  FREQ 
(CM-l ) 

(0,0) 

0.1) 

(2,2) 

0(18) 

0(20) 

QOO 

2631  0.  .99 
26818.37 
26326.40 

14d  pi 

BAND 

SOT 

LISE 

OBS  FREQ 
{ CM-l ) 

(0,0 

(1,1) 

0.2) 

0(H) 
0(20) 
0(2  0) 

26902.63 

26909.33 

26915.39 

I5d  pi 


3  AMD 

ROT 

OBS  FREQ 

T  I*!E 

( CM-l > 

(0.0) 

0(1  S) 

26977.  12 

0.1) 

0(20 

26934 .27 

(2,2) 

0(20 

26790.36 

* 


Excr*  pi  fcac«  (  d  i  isoc  isc  ion  produces  undecemlned  > 


BAND 

ROT 

OBS  FREQ 

DEV 

* 

BAND 

ROT 

OBS  FREQ 

DEV 

LINE 

(CM-1) 

* 

• 

LINE 

( CM- l ) 

<0.0) 

P(12) 

24772.26 

0.16 

* 

(l.l) 

P(  32 ) 

24762.98 

-0.08 

(0,0) 

R(  12) 

24796.90 

-0.14 

* 

(1.1) 

R(  32 ) 

24825.43 

0.07 

(0.0) 

P(U) 

24770.52 

0.05 

* 

(1.1) 

P(  3 4 ) 

24761.83 

-0.14 

(0.0) 

R(  U) 

24799.56 

0.20 

ft 

(1.1) 

R(  34 ) 

24827.95 

0.11 

(0,0) 

P(  1  6) 

24768.95 

0.04 

* 

(1.1) 

P(  36  ) 

24760.33 

-0.11 

(0.0) 

R(16) 

24801.83 

0.11 

* 

(l.l) 

8(36) 

24830.40 

0.08 

(0,0) 

P(13) 

24767.39 

-0.02 

* 

(1.1) 

P(  38  ) 

24760.05 

0.09 

(0,0) 

Q(18) 

24785 .1  1 

-0.16 

* 

(1.1) 

8(38) 

24832.80 

0.01 

(0,0) 

R(  1 8 ) 

24804.22 

0.11 

• 

(1.1) 

P(  40 ) 

24759.22 

0.20 

(0,0) 

P ( 20  ) 

24765.87 

-0.10 

* 

(1.1) 

Q(  40  ) 

24796.92 

0.21 

(0,0) 

R(  20) 

24806.63 

0.08 

* 

(1.1) 

R (  40) 

24835.36 

0.11 

(0.0) 

R(  22 ) 

24809.08 

0.07 

* 

(l.l) 

P(42> 

24758.30 

0.19 

(0.0) 

R(24) 

24811.57 

0.05 

* 

(1.1) 

8(42) 

24837.81 

0. 1 1 

(0,0) 

R(  26  ) 

24813.98 

-0.07 

* 

(l.l) 

8(44) 

24840.24 

0.12 

(0,0) 

R(  28) 

24816.72 

0.12 

• 

(1.1) 

8(46) 

24842.50 

0.0 

(0,0) 

R(  30) 

24819.13 

-0.06 

* 

(1.1) 

8(48) 

24844.83 

-0.01 

(0.0) 

R(  32 ) 

24821 .66 

-0.13 

* 

(l.l) 

R(  50) 

24846.72 

-0.39 

(0.0) 

8(34) 

24824.32 

-0.08 

* 

(2.2) 

8(12) 

24806.02 

0.05 

(0,0) 

R(  36  ) 

24826-91 

-0.12 

• 

(2.2) 

P(  1 4  ) 

24780.07 

0.08 

(0.0) 

8(38) 

24829.58 

-0.09 

• 

(2,2) 

8(l*> 

24808.03 

-0.12 

(0.0) 

R(  40) 

24832.19 

-0.11 

• 

(2.2) 

P(16) 

24778.25 

-0.12 

(0,0) 

8(42) 

24834.87 

-0 .05 

• 

(2.2) 

8(16) 

24810.52 

0.15 

(0,0) 

8(44) 

24837  .48 

-0.03 

• 

(2,2) 

P(  1 8  ) 

24776.61 

-0.20 

(0.0) 

R  (  46  ) 

24839.98 

-0.14 

• 

(2.2) 

8(18) 

24812.66 

0.06 

(0.0) 

8(48) 

24842.68 

0.01 

ft 

(2.2) 

P(  20) 

24775.24 

-0.06 

(0.0) 

8(50) 

24845.19 

0.02 

ft 

(2,2) 

Q(  20 ) 

24794.75 

0.14 

(0.0) 

8(52) 

24847.91 

0.30 

ft 

(2,2) 

8(20) 

24814.92 

0.06 

d.n 

P(  1 4  ) 

24775.28 

-0.03 

ft 

(2.2) 

P(  22) 

24773.75 

-0.08 

( 1.1) 

8(14) 

24803.78 

-0.06 

ft 

(2.2) 

8(22) 

24817.18 

0.04 

(1,1) 

P(16) 

24773.60 

-0.12 

ft 

(2.2) 

P(  24  ) 

24772.37 

-0.04 

(1.1) 

8(  16) 

24806.16 

0.04 

ft 

(  2 , 2  > 

8(24) 

24819.45 

0.01 

<  l.l) 

P(  1 8  ) 

24772.09 

-0.10 

ft 

(2.2) 

P(  26  ) 

24771.04 

-0.01 

( 1 .1) 

P(  20 ) 

24770.62 

-0.10 

ft 

(2,2) 

8(26) 

24821.84 

0.09 

(1.1) 

8(20) 

24810.80 

0.01 

ft 

(2,2) 

P(  28 ) 

24769.72 

-0.01 

(l.l) 

P(  22 ) 

24769.41 

0.11 

ft 

(2.2) 

8(28) 

24824.22 

0.14 

(1.1) 

Q(  22) 

24790.73 

-0.01 

ft 

(2.2) 

P(  30) 

24768.48 

0.02 

(l.l) 

8(22) 

24813.14 

-0.03 

ft 

(2.2) 

8(30) 

24826.51 

0.10 

(1.1) 

P(  24 ) 

24767.86 

-0.07 

ft 

(2,2) 

P(  32) 

24767.17 

-0.07 

(l.l) 

8(24) 

24815.53 

-0.04 

ft 

(2,2) 

8(32) 

24828.89 

0.15 

(1.1) 

P(  26 ) 

24766.58 

-0.03 

ft 

(2.2) 

P(34) 

24766.01 

-0.0  5 

(1.1) 

8(26) 

24818.05 

0.06 

ft 

(2.2) 

8(34) 

24831.21 

0.14 

(l.l) 

P(  28 ) 

24765.32 

-0.06 

ft 

(2.2) 

P(  36 ) 

24764.81 

-0.11 

(1.1) 

8(28) 

24820.43 

0.0 

ft 

(2.2) 

8(36) 

24833.35 

-0.05 

(l.l) 

P(  30) 

24764 .10 

-0.09 

ft 

(2.2) 

8(38) 

24835.66 

-0.05 

(l.l) 

8(30) 

24822.85 

-0.04 

ft 

(2.2) 

8(40) 

24837.75 

-0.24 

Observed  transitions  not  used  in  the  final  Dunham  fits 


id  sigma 


3  AND 

ROT 

OSS  FREO 

DEV 

* 

3AND 

ROT 

OBS  FREO 

DEV 

LINE 

(C.M-l) 

* 

* 

LINE 

( CM- l ) 

(3.2) 

S(  6) 

22466.01 

0.23 

* 

(4.2) 

P(  2  4 ) 

22635.36 

-0.06 

(3.2) 

P(  8) 

22451.47 

0-23 

ft 

(4.2) 

P(  26) 

22629.64 

-0  .06 

(3.2) 

R(  8) 

22467.24 

0.08 

* 

(4.2) 

P(  28) 

22623.47 

-0 .10 

(3.2) 

P(  10) 

22448.99 

0.17 

* 

(4,2) 

P(  30) 

22616.37 

-0.12 

(3.2) 

R(IO) 

22468.49 

0.05 

* 

(4.2) 

P(  32  ) 

22609.73 

-0.22 

(3.2) 

P(  12) 

22446.37 

0.09 

* 

(4.2) 

P  (  34 ) 

22601 .99 

-0.41 

(3.2) 

R(  12) 

22469.63 

0.05 

* 

(4,4) 

P(  8) 

22180.46 

0.01 

(3.2) 

P(  14) 

22443.51 

-0.09 

• 

(4.4) 

P(10) 

22177.95 

0.18 

(3.2) 

R(  14) 

22470.51 

-0.05 

• 

(4,4) 

P(  12) 

22174.86 

-0.03 

(3.2) 

?(  16) 

22440.62 

-0.15 

• 

(4.4) 

P  (  1  4  ) 

22171.82 

0.02 

(3.2) 

?(  1 8 ) 

22437.55 

-0.24 

# 

(4,4) 

PC  16) 

22158.51 

0.01 

(3.2) 

P(  20) 

22434.37 

-0.26 

ft 

(4.4) 

P  (  1  3  ) 

22164.91 

-0.05 

(3.2) 

P(  22) 

22431.00 

-0.28 

ft 

(4.4) 

P(  20) 

22161  .48 

0.31 

(3.2) 

P(24) 

22427.46 

-0.26 

* 

(4.4) 

P(  22) 

22157.29 

0.17 

(3.2) 

PUS) 

22423 .74 

-0.19 

* 

(4,4) 

R(  2  2 ) 

22196.72 

0.20 

(3.2) 

P(  28 ) 

22419.82 

-0.06 

* 

(4.4) 

P(  24 ) 

22152.93 

0.15 

(3.2) 

P(  30 ) 

22415.76 

0.21 

• 

(4.4) 

R(  2* ) 

22195.82 

0.37 

(3.2) 

P(  32) 

22411.32 

0.42 

* 

(4.4) 

P(  2 6 ) 

22148.26 

0.12 

(4.2) 

?(  8) 

22668.56 

-0.13 

• 

(4.4) 

S(  26 ) 

22194.2! 

0.19 

(4.2) 

P(  10) 

22665.45 

-0.16 

* 

(4,4) 

P(  28  ) 

22143.26 

0.10 

(4.2) 

P(  12) 

22662.05 

-0.19 

* 

(4.4) 

R(  28 ) 

22192.25 

0.05 

(4.2) 

P(  14) 

22653.42 

-0.16 

* 

(4,4) 

P(  30) 

32137.39 

0.07 

(4.2) 

P(  16) 

22654.43 

-0.18 

* 

(4.4) 

R(  30 ) 

22189.98 

0.03 

(4.2) 

P  (  1 3  ) 

22650.08 

-0.25 

* 

(4,4) 

?(  3  2 ) 

22132.05 

-0.05 

(4.2) 

P(  20  ) 

22645.32 

0.10 

* 

(4.4) 

R(  32 ) 

22187.28 

0.05 

(4.2) 

?( 22) 

22640.77 

0.02 

ft 

Observed  transitions  not  used  in  the  final  Dunham  fits 


5d  sigma 


BAND 

ROT 

OBS  FREO 

LINE 

(CM-1) 

(3.1) 

P(20) 

24101 .64 

(3.1) 

P(  22  > 

24097.60 

(3.1) 

P(24) 

24093.43 

(3.1) 

?(  26 ) 

24088.95 

(3.2) 

P(  2) 

23880.22 

(3.2) 

P(  4) 

23877.94 

(3.2) 

?(  6) 

23875.66 

(3.2) 

?(  S) 

23873.12 

(3,2) 

P(10) 

23870.36 

(3.2) 

P(  12) 

23867.72 

(3.2) 

P  (  1  4  ) 

23864.59 

(3.2) 

P(16) 

23861.38 

(3.2) 

P(  1 8  ) 

23858.05 

(3.2) 

P(20) 

23854.60 

(3,2) 

R(20) 

23891.87 

(3.2) 

P<22) 

23850.95 

(3.2) 

P(24) 

23847.11 

(3.2) 

P(26) 

23843.26 

(3.2) 

PCS) 

23839.24 

161 


Observed  Transitions  Noe  Used  in  the  Final  Dunham  Fits 


Sd  pi 

BAND 

ROT 

OBS  FREQ 

LINE 

(CM- I) 

(0,0) 

P(18) 

25685.62 

(0,0) 

P(20) 

25682.59 

(l  .1) 

R(16) 

25722.47 

(1.1) 

P(18) 

25688.62 

(l.D 

P(  20  ) 

25685.72 

(2.2) 

P(  20  ) 

25688  .67 

9d  pi 


BAND 

ROT 

OBS  FREQ 

LINE 

( CM- l ) 

(0.0) 

P(  *) 

26077.03 

(0.0) 

R(  4) 

26084.99 

(0.0) 

P(  6) 

26074.04 

(0.0) 

P(  8) 

26071.03 

(0.0) 

R(  8) 

26086.94 

(0,0) 

P(10) 

26068.01 

(0.0) 

R(  10) 

26087 .80 

(0,0) 

R(  12) 

26088.63 

(0,0) 

P(14) 

26061.78 

lid  pi 

BAND 

ROT 

OBS  FREQ 

LINE 

( CM- 1  ) 

(0.0) 

P(  4) 

26539.03 

(0.0) 

P(  6) 

26536.17 

(0.0) 

P(  8) 

26533.30 

APPENDIX  II. 


Assigned  spectral  lines  for  the  E^E+  state  of 

All  of  the  spectral  transitions  given  in  the  following 

list  originated  from  the  A^E*  state,  and  all  were 

used  in  the  final  Dunham  fit  of  the  observed  E^E+ 

S 

state  energy  levels.  The  format  of  this  listing 
is  identical  to  that  used  in  Appendix  I. 


6A.N0 

ROT 

OSS  FREQ 

OEV 

LINE 

(CM-1) 

( 

0,0) 

P(  2) 

13335.07 

0.34 

C 

0,0) 

R(  2) 

13339.73 

0.0 

( 

0.0) 

a<  2) 

13339.35 

0.12 

( 

0.0) 

P  (  <•) 

13332.89 

0.09 

( 

0,0) 

R(  4) 

13341.99 

0.20 

( 

0,0) 

R(  4) 

13341.93 

0.14 

( 

0.0) 

P(  6) 

13331.06 

0.14 

l 

0.0) 

P(  6) 

13331.02 

0.10 

( 

0,0) 

R(  6) 

13343.93 

0.03 

( 

0.0) 

R<  b ) 

13344.01 

0.11 

( 

0.0) 

P<  8) 

13329.15 

0.07 

t 

0.0) 

P(  8) 

13329.23 

0.1S 

( 

0,0) 

»<  8) 

13346.09 

0.06 

( 

0.0) 

Rl  8) 

13346.14 

0.11 

( 

0.0) 

PUO) 

13327.28 

0.0 

( 

0.0) 

P(10) 

13327.43 

0.15 

( 

0.0) 

R(10) 

13348.30 

0.11 

( 

0,0) 

*(10) 

13348.37 

0.18 

( 

0,0) 

?  (  1  2  ) 

13325.66 

0.13 

l 

0,0) 

P  ( 1 2  ) 

13325.64 

0.11 

( 

0,0) 

8(12) 

13350.36 

-0.03 

( 

0,0) 

8(12) 

13350.52 

0.13 

( 

0,0) 

P  (  1 4  ) 

13323.81 

>0.01 

( 

0,0) 

P<14) 

13323.92 

0.10 

( 

0.0) 

8(14) 

13352.70 

0.10 

< 

0.0) 

*  (  1  4  ) 

13152.74 

0.14 

l 

0,0) 

P(lb) 

13322.25 

0.10 

( 

0.0) 

R(lb) 

13354.95 

0.12 

( 

0.0) 

*  ( 1  b  ) 

13355.06 

0.23 

( 

0.3) 

P  (  1 8  ) 

13320.64 

0.12 

( 

0,0) 

R(  18  ) 

13357.28 

0.21 

( 

0.0) 

R(l») 

11357.18 

0.11 

( 

0,0) 

P  (  20 ) 

13319.01 

0.09 

( 

0.0) 

8(20) 

13559.35 

0.03 

( 

0.0) 

R(  20  ) 

13359.51 

0.19 

( 

0.0) 

P(22) 

13317.42 

0.06 

( 

0.0) 

P  (  22 ) 

13317.45 

0.09 

( 

0.0) 

*(  2  2 ) 

13361.63 

0.U6 

( 

0,0) 

R(22) 

13361.74 

0.17 

( 

0,0) 

P  ( 24  ) 

13315.92 

0.09 

< 

0.0) 

?<24) 

13315.93 

0.10 

( 

0,0) 

R(24) 

13363.96 

0.15 

( 

0.0) 

8(24  ) 

13364.02 

0.21 

( 

0.0) 

P  (2  6  ) 

13314.39 

0.06 

< 

0,0) 

P  ( 2  b  ) 

13314.43 

9.10 

( 

0.0) 

8(26) 

13366.12 

0.08 

( 

0.0) 

R(2b) 

13360.22 

0.18 

( 

0.0) 

P(28) 

13312.94 

0.10 

( 

0,0) 

P(28) 

13312.97 

0.13 

( 

0.0) 

8(28) 

13368.32 

0.07 

SANO 

ROT 

LINE 

OBS  FKEy 
(Ca-1) 

OEV 

( 

0.0) 

8(28) 

13368.42 

0.17 

( 

0,0) 

P  ( 30 ) 

13311.45 

0.07 

( 

0.0) 

P(30) 

13311.51 

0.13 

( 

0.0) 

8(30) 

13370.48 

0  •  06 

( 

0,0) 

*(30) 

13370.57 

0.15 

( 

0,0) 

P  ( 32  ) 

13310.00 

0. 08 

( 

0.0) 

P(  32 ) 

13310.05 

0.13 

( 

0.0) 

8(32) 

13372.70 

0.14 

( 

0,0) 

8(32) 

13372.82 

0.26 

( 

0.0) 

P  ( 34 ) 

13308.56 

0.10 

( 

0,0) 

P  (  34  ) 

13308.57 

0.11 

( 

0,0) 

*(34) 

13374.7s 

0.12 

( 

0.0) 

8(34) 

13374.79 

0.15 

( 

0.0) 

P  (  36  ) 

13307.05 

0.06 

( 

0.0) 

P  (  3  6  ) 

13307.11 

0.12 

( 

0,0) 

8(36) 

13376.73 

0 . 0  7 

( 

0,0) 

a(3b) 

13376.82 

0.16 

( 

0,0) 

P (  38 ) 

13305.64 

0.13 

( 

0,0) 

8(38) 

13378.67 

0.07 

( 

0.0) 

8(38) 

13378.74 

0.14 

( 

0,0) 

P  (  40  ) 

13304.06 

0.06 

( 

0,0) 

P(*2) 

13302.57 

0.12 

( 

0.0) 

P(  *4) 

13300.91 

0.06 

( 

0.0) 

P(*6) 

13299.25 

0.07 

( 

0,0) 

P(*8> 

13297.67 

0.25 

( 

0.1) 

8  (  0) 

13085.60 

0.22 

( 

0.1) 

8  (  2) 

13087.22 

>0.23 

( 

0,1  ) 

R(  2) 

13087.62 

0.17 

( 

o.l) 

P(  6) 

13080.42 

-0.18 

( 

0.1) 

P(  4) 

13080.64 

0.04 

( 

o.l) 

R(  *) 

13089.39 

-0.20 

( 

0,1) 

8(  4) 

13089.69 

0. 10 

( 

0.1) 

P(  6) 

13078.60 

-0.23 

( 

0,1) 

P(  6) 

13078.90 

0 . 0  7 

( 

O.l) 

R(  5) 

13090.77 

0.06 

( 

o.l) 

P(  7) 

13077.90 

-0.09 

( 

o.l) 

R(  b) 

13091.63 

-0.18 

( 

o.l) 

8  (  6) 

13091.91 

0.  10 

( 

o.l) 

P(  8) 

13076.95 

-0.21 

( 

o.l) 

P(  8) 

13077.24 

0.08 

( 

0,1) 

8  (  7) 

13092.95 

0.0 

( 

0,1) 

P(  9) 

13076.21 

-0.14 

( 

o.l) 

R(  8) 

13094.03 

-0.08 

( 

o.l) 

8  (  8) 

13093.93 

-0.18 

( 

0,1) 

8  (  8) 

13094.28 

0.17 

( 

o.l) 

P(10) 

13075.37 

-0.20 

( 

0.) 

P(10) 

13075.36 

-0.21 

( 

o.l) 

P(10) 

13075.64 

0.07 

l 

o.l) 

8  (  9) 

13095.21 

-0.0  7 

( 

o.l  ) 

pan 

13074.63 

-0.17 

: 
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d*NU 

HOT 

List 

oha  r KEo 
(c;i-l ) 

u£V 

ft 

ft 

* 

HAND 

hot 

i.l.%£ 

08S  rKcu 
( CM- 1 ) 

U£V 

i 

o.l) 

H  (  1  0  ) 

13096 . DO 

-0.08 

ft 

l 

O.l) 

*(24) 

13114.60 

-0.14 

i 

0.1} 

8(10) 

13096.31 

-0.17 

ft 

( 

0.1) 

8(24) 

13114.91 

0.17 

i 

0.1) 

H  (  1  0  ) 

13096. 39 

0.1  1 

ft 

< 

0.1) 

P  (  2  6  ) 

13063.39 

-0.21 

( 

0.1} 

P(12) 

13073. 90 

-0.16 

ft 

( 

0.1) 

P  (  2  6  ) 

1 3  0  o  3 . 91 

0.11 

c 

0.1) 

*111) 

13073.36 

-0.20 

ft 

( 

0.1) 

P  (  2  7  ) 

13063.20 

1 

c 

• 

*— 

V 

( 

0.1) 

P(12) 

13074.20 

0.14 

ft 

( 

0.1) 

H  (  2  6  ) 

13117.32 

-0.19 

( 

0,1) 

HUD 

13U97.63 

-0.06 

ft 

( 

0,1) 

H  (  2  6  ) 

13117.6* 

0.13 

< 

0.1) 

P  ( l  3  ) 

13073.17 

-0.17 

ft 

< 

o.l) 

P  (  28  ) 

13064.69 

-0.22 

i 

0.1) 

8(12) 

IJ098.72 

-0 . 20 

ft 

( 

o.l  ) 

P(26) 

1306  3 . 0  7 

o.  lb 

i 

o.l) 

8(12) 

13099.00 

0 . 08 

ft 

( 

0,1) 

R(2a) 

13120.13 

-0.16 

< 

0.1) 

P(l*) 

13072.42 

-0.22 

ft 

( 

0.1) 

P  (  3  0  ) 

1 3uo 3 .83 

-0.22 

( 

0.1) 

P(l*) 

13072.72 

0.06 

ft 

( 

0,1) 

P(il) 

13063.34 

-0.1  J 

( 

o.l) 

8(13) 

1  3100.03 

-0. 1 1 

ft 

( 

O.l) 

H(  JO) 

13122.93 

-o.  ie 

< 

0.1) 

?(15) 

13071.76 

-0.21 

ft 

( 

O.l ) 

P(J2) 

13063.12 

-0.16 

( 

0,1) 

HU) 

13101.24 

-0.18 

ft 

( 

0,1) 

P  ( 3  2  ) 

1 3063. 10 

-0. 16 

< 

o.l) 

8(1*) 

13101 . 5e 

0.14 

ft 

( 

o.l) 

P(  33  ) 

13062.71 

-0.19 

i 

0.1) 

P(lo) 

13071.03 

-0.23 

ft 

( 

0.1) 

8(32) 

1J123.73 

-0.19 

< 

0.1) 

P(l6) 

13071 . 1 l 

-0.20 

ft 

l 

O.l) 

P  (  3  4  ) 

13062.32 

-0.21 

( 

o.l) 

?(lo) 

13071.44 

0.13 

ft 

( 

o.l) 

P(34  ) 

13062.33 

-0.20 

( 

0..) 

8(15) 

13102.63 

-0.03 

ft 

( 

0.1) 

8(3*) 

13126.39 

-0.12 

( 

o.l) 

P(17) 

13070.31 

-0.16 

ft 

( 

O.l) 

P  (  3  6 ) 

13061.66 

-0.14 

i 

0.1) 

8(16) 

13104.04 

0.03 

ft 

( 

o.l) 

8(36} 

13131.33 

-0.13 

( 

O.l) 

8(16) 

13103.80 

-0.19 

ft 

( 

0.1) 

P  (  38  ) 

13060.36 

-0.26 

< 

o.l) 

8(16) 

13104.11 

0.12 

ft 

( 

o.l) 

8(38) 

13134.03 

-0.19 

< 

0.1) 

P(l«) 

13069.60 

-0 . 2o 

ft 

( 

0.1) 

P(40) 

13060. J1 

-O.  1  J 

i 

0,1) 

HU) 

13069.86 

-0.2  0 

ft 

( 

o.l) 

8  (  *0  ) 

1313o.b9 

-0.21 

( 

0.1) 

P(i6) 

13070.14 

0  •  06 

ft 

( 

0.1) 

P(42) 

13039.62 

-0.14 

i 

0.1) 

H  (  1  7  ) 

13103.30 

0.01 

ft 

l 

0.1) 

P(4.) 

1 30  53 .93 

-0.14 

( 

0,1) 

P(19) 

13069.28 

-0.18 

ft 

( 

1.0) 

8(  0) 

13373.43 

-0.17 
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